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Abstract

There are numerous cases of premature and often catastrophic failure of pressure
equipment. Too often the poor performance of welded joints in the component is the
cause of such failures.

It is therefore of critical importance to understand what

dictates the performance of welded joints operating at elevated temperature and
pressure.

The microstructure of welded joints is fundamental to understanding how they will
perform. The microstructure of heat affected zone (HAZ) sub-zones of a multipass
2.25CrlMo steel weld were simulated using a Gleeble 3500 thermal simulator for
both ‘high’ and ‘low’ heat input welding conditions. The heat affected zone (HAZ)
structure has been characterised in terms of twelve sub-zones, which have been
investigated by microstructural analysis and hardness measurements.

The HAZ

structure was found to be complex and variable, with the structure depending on the
local thermal history.

In particular, post weld heat treatment (PWHT) has a

significant influence on the structure and hardness of the sub-zones, exerting a strong
normalising effect on the HAZ for both the ‘high’ and ‘low’ simulated heat input
conditions.
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1.0

Introduction

2.25CrlMo steel is widely used in many power and petrochemical plants because of its
excellent combination of elevated temperature strength and creep resistance.

The

lifetime of steel pressure vessel components are usually limited by the properties of the
welded joints, in particular the HAZ. Most failures by creep rupture are associated with
the HAZ. Failure at these joints is most likely due to the differential properties of the
joint compared with the adjacent parent metal.

It follows then, that a thorough

understanding of the performance of welded joints operating at elevated temperatures is
critical to ensure the safe operation of pressure vessel components.

To achieve a thorough understanding of the performance of welded joints operating at
elevated temperatures, it is fundamental to understand their structure. The structure will
determine how the welded joint will behave in any given application. It is commonly
accepted that the structure of welded joints can be divided into three regions: the fusion
zone, the HAZ and the original parent metal. The fusion zone is that area in which the
welding consumable is deposited as molten steel and solidifies as the weld metal. The
HAZ is the region adjacent to the fusion zone and is defined as that part of the parent
metal that undergoes microstructural change resulting from the diffusion of the heat of
welding. The HAZ can be further divided into three major sub-zones: grain coarsened
(GC), grain refined (GR) and intercritical (IC). It is common to define each of these
zones by the peak temperature experienced during the welding thermal cycle. Adjacent

1

to the HAZ is the part of the parent metal that remains unaffected as a result of the
welding process.

In multi-pass welding, the detailed HAZ is further complicated by the influence of
subsequent welding passes. Several possible microstructural sub-zones can form during
multiple welding thermal cycles, resulting from the overlap of HAZ’s of each welding
pass.

The HAZ structure of a welded joint can become very complex. Also a large portion of
the HAZ will likely be double reheated and these regions will be significant in
determining the overall properties of the HAZ.

It is almost impossible to perform

detailed structural or property analysis on any of these individual sub-zones when they
are present in such a complex system. It is this limitation that has led to the use of
welding simulation for such analysis. Welding simulation can accurately reproduce
microstructural features of the weld HAZ. In addition these microstructures can be
simulated in volumes sufficiently large enough to carry out detailed microstructural
analysis, and mechanical testing.

In the present work a detailed, systematic microstructural characterisation of the HAZ of
a 2.25CrlMo steel multi-pass weld has been carried out. This work has been completed
with the intention that the information obtained would establish a foundation of
fundamental knowledge from which further study could be continued in order to achieve
a thorough understanding of the performance of a 2.25CrlMo steel multi-pass weld at
elevated temperatures.
2

2.0
LITERATURE REVIEW

2.1

Chromium-Molybdenum Steels

Chromium-molybdenum (CrMo) steels belong to a group of creep resistant low alloy
steels.

0.5 - 1.0% Mo is added to these steels for enhanced creep strength, while

anywhere between 0.5 - 9.0% Cr is added for corrosion resistance, rupture ductility and
resistance to graphitisation.

CrMo steels are widely used in oil refineries, chemical

industries and electrical power generating plants. Within these areas CrMo steels are
predominantly used for piping, heat exchangers, superheater tubes and pressure vessels.
It is clear from these applications that the creep strength and corrosion resistance
benefits of CrMo steels are widely utilised.

CrMo steels are produced and available in several different conditions.

The most

common of these conditions are annealed, and, normalised and tempered.

In these

conditions the microstructures can vary from ferrite-pearlite to ferrite-bainite.

Each

structure has its benefits, however over long service periods the structures are expected
to converge towards a uniform condition. The properties will also converge [1].

Annealing - Full annealing is a heat treatment process involving heating of the steel to
above the A3 temperature into the austenitic range, soaking until the entire structure
transforms to austenite and then cooling very slowly to room temperature. The peak
3

temperature and the time spent at this temperature are important and will affect the
structure present at room temperature. The higher the temperature or the longer the soak
time, the greater the austenite grain growth and the coarser the room temperature
structure.

Process annealing is a heat treatment process in which the steel is heated to a pre
determined temperature below the Ai temperature, then air-cooled or quenched in a
suitable medium.

This process is usually used to soften the steel after cold rolling

deformation has occurred, during forming the steel into plate. Recrystallisation of the
distorted ferrite grains usually occurs, but some constituents may not recrystalise,
leaving a room temperature structure of ferrite with some distorted grains of unrecrystallised ferrite and pearlite/bainite.

Normalising involves heating the steel to achieve full austenitisation and then air
cooling to room temperature. Tempering occurs by reheating the steel to a temperature
well below the Ai temperature, soaking for a predetermined period of time and slow
cooling to room temperature.

The tempering process relieves internal stresses and

achieves a structure with more desirable properties. The structure resulting at room
temperature is a mixture of ferrite and tempered bainite.

2.25CrlMo steel has been used in the petrochemical and power generation industry for
more than 50 years. Table 2.1.1 shows a typical composition of 2.25CrlMo low alloy
steel.

4

Table 2.1.1. Typical composition of 2.25CrlMo low alloy steel (wt%)

c

Cr

Mo

1.9

0.9

0.14

Ni

Mn

1.1

Cu

Al, S, P, Sn, V, W, As, Sb

0.5

0.19

<0.03

0.3
0.24

2.6

Si

0.6

2.25CrlMo steel derives its high temperature strength from two principal mechanisms,
solid solution strengthening and precipitation hardening.

2.1.1 Solid Solution Strengthening
There are two types of solid solutions, substitutional and interstitial. If the solute and
solvent atoms are similar in size, as is the case with Cr, Mo and Fe, the Cr and Mo atoms
will occupy lattice points in the Fe crystal lattice. This is a substitutional solid solution.
In the other case, the solvent C atoms are much smaller than the Fe solvent atoms, and
occupy the interstitial positions in the Fe lattice.

The introduction of C, Cr and Mo solute atoms into the Fe solvent-atom lattice produces
alloy steel that is much stronger than pure Fe.

The solid solution strengthening

mechanism results from the interaction of the solute atoms with dislocations in the
solvent.

Solute atoms can interact with the dislocations by several different

mechanisms.

The solute atoms present resistance to dislocation motion rather than

actually locking dislocations. A large population of poorly matched (size, charge) solute
and solvent atoms will present the greatest resistance to dislocation movement [2-5].
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2.1.2 Precipitation Hardening
Precipitation hardening is a strengthening mechanism that results from the distribution
of small second-phase particles in the matrix of the steel. For this to occur, the second
phase must be soluble at an elevated temperature and show decreasing solubility with
decreasing temperature.

In the 2.25CrlMo steel these second-phase particles are

carbides. Cr and Mo are strong carbide forming elements and along with Fe readily
form carbides.

At elevated temperatures Cr, Mo, and C are in solution.

As the

temperature decreases C atoms will combine with the Cr, Mo and Fe atoms and
precipitate as carbides. These carbides continue to precipitate out of the solution until at
room temperature a dispersion of carbides is present in the steel.

The mechanism of strengthening is similar to solid solution strengthening and involves
the interaction of dislocations with the carbide precipitates. The effectiveness of the
obstruction of dislocations is determined by two factors: dislocations cutting through the
precipitates, or bowing around them.

The ease with which dislocations can bypass

precipitates is related to the volume fraction of precipitates, their size and the spacing
between precipitates. Maximum strengthening occurs as the volume fraction increases,
the size decreases and as the inter-particle spacing decreases [2-5].

The full effect of Cr and Mo on the high temperature strength of 2.25CrlMo steel is
complex.

Generally, but not always, the creep strength increases with increasing

amounts of Cr and Mo [1].
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2.1.3

Weldability of 2.25CrlMo Steel

Discussion of the weldability of an alloy can be conducted at several levels. It can refer
to the capacity of the alloy to be reliably welded on a production scale, or perhaps
alternatively the alloy’s susceptibility to welding defects [6].

In either case, the

weldability of an alloy will be dependent on several factors some of which include, the
welding process, the welding environment, the composition of the alloy and the weld
joint design and size.

Carbon equivalent (Ceq) is commonly used as an expression of the weldability of steels.
The value of Ceq is determined by calculating the relative effect of elements in the steel
on the transformation characteristics of the steel, particularly the hardenability. The Ceq,
more specifically, can provide an indication of the expected microstructure of the HAZ,
particularly the propensity for martensite to form.

A high Ceq indicates a high

hardenability and the likely formation of martensite in the HAZ.

The presence of

martensite and the resulting high hardness are two factors widely known to strongly
influence serious welding defects such as cold cracking. Thus a ’weldable’ steel will
have a low Ceq, or at least below a specified value (generally Ceq < 0.4 for steel). The
Ceq is usually calculated using a standard formula. Several formulae have been derived
for calculating Ceq, the most common of which have been documented by Pang [7].
Alloying elements that are considered in the calculation of Ceq include (in decreasing
order of relative influence on hardenability): C, N, Cr, Mo, V, Mn, Si, and Ni.
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There is some debate as to the use of Ceq as a satisfactory means of describing
weldability. Caution should be applied as to the accuracy of such methods when there
are numerous other factors that can affect the microstructure of the HAZ; preheat,
welding conditions, electrode composition, joint and parent metal geometry. Clearly
this is the case for 2.25CrlMo steel, which has a Ceq well in excess of 0.4, and yet it is
described as relatively easy to weld and fabricate [8].

2.2

The Weld Heat Affected Zone

The majority of applications of 2.25CrlMo low alloy steel require fabrication of some
description. Commonly the fabrication technique used is welding. History and research
has revealed that the lifetime of a steel pressure vessel component is usually limited by
the properties of the welded joints, in particular the heat affected zone (HAZ) with most
failures by creep rupture being associated with the HAZ [9-13]. Failure at these joints is
most likely due to the differential properties of the joint compared with the adjacent
parent metal. It follows then, that a thorough understanding of the structure of the HAZ
of these welded joints is critical to ensure the safe operation of pressure vessel
components.

The metallurgy of welded joints is usually divided into three regions: the fusion zone,
the heat affected zone (HAZ) and the original parent metal. The fusion zone is the
region in which the deposited weld metal and re-melted base steel solidify as the weld
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metal. The HAZ is the region adjacent to the fusion zone and is defined as that part of
the parent metal that undergoes microstructural change resulting from the diffusion of
the heat of welding. Adjacent to the HAZ is the part of the parent metal that remains
unaffected as a result of the welding process. These three zones of a welded joint are
schematically represented in Figure 2.2.1.

Figure 2.2.1. Schematic representation of the three zones of a welded joint: fusion
zone/weld metal, HAZ and parent material.

2.2.1

M icrostructural Form ation in the Heat Affected Zone of 2.25CrlM o Steel

During welding, heat is transferred from the weld fusion zone into the adjacent material
producing a HAZ.

The material in the HAZ will consequently experience complex

thermal heating and cooling cycles particularly in multi-pass welding. The severity of
this thermal cycle will be dependent on the distance of the material from the fusion
boundary, Figure 2.2.2.
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The structural changes that occur in the HAZ are determined predominantly by the
chemical composition (hardenability) of the steel and the thermal cycle/s experienced by
the material [14]. While these variables are interrelated for given steel, variations in the
thermal cycle are usually of greatest significance.

A thermal cycle is commonly

described by two parameters, the peak temperature, Tp, and the time period taken for the
material to cool from 800 - 500°C, Atg-s, which corresponds to the temperature range
over which steels commonly transform to difusional products during constant cooling.
For a given distance from the fusion boundary, both these parameters increase with
increased weld heat input. The heat input is reported per unit length of weld and is
typically in the range of l-SkJmm'1.
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Figure 2.2.2. Temperature time curves representing typical thermal cycles experienced
in the heat affected zone of a weld [15].
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From Figure 2.2.2, a gradient of peak temperatures is evident with increasing distance
from the weld centre line and fusion boundary. This gradient results in microstructural
inhomogenity in the HAZ from the fusion boundary to the parent metal.

The

inhomogenity of microstructures in the HAZ has been well documented [16, 17] and
three principal HAZ sub-zones are commonly defined.

These regions, in order of

increasing distance from the fusion boundary include the grain coarsened region, the
grain refined region and the intercritical region. Figure 2.2.3 shows the structural sub
zones within the HAZ, and the corresponding peak temperature gradient away from the
fusion boundary.
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Figure 2.2.3. Structural sub-zones within the HAZ of a single pass weld, showing peak
temperature gradient away from the fusion boundary [18]
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2.2.2

Principal Heat Affected Zone Sub-zones

There are three commonly accepted, principal microstructural sub-zones within the HAZ
of a single pass weldment, grain coarsened, grain refined and intercritical.

The

differences between these three sub-zones are described below.

Grain Coarsened Sub-Zone (GC): The GC sub-zone lies immediately adjacent to the
fusion boundary. Being in such close proximity to the weld pool it is consequently
heated to very high temperatures, above 1200°C. This well exceeds the Ac 3 temperature
of weldable steels, including 2.25CrlMo. At this temperature complete transformation
to austenite occurs. These temperatures are in the range of rapid grain growth as grain
boundaries are very mobile at such high temperatures.

Alloy carbides that may be

present can completely dissolve and the austenite grains will coarsen unimpeded. On
subsequent cooling, transformation will occur in the austenite resulting in a coarse
grained structure due to the large prior austenite grain size. In 2.25CrlMo steel the
transformation product under typical welding conditions is bainite [19], as discussed for
GC subzones using Figure 5.1.1 in Section 5.1.2.
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Figure 2.2.4. Coarse grained bainite of GC zone in 2.25CrlMo steel weldment [20]

Grain Refined Sub-Zone (GR)\ As the distance from the fusion boundary increases the
peak temperature experienced by the parent metal decreases sharply.

In the region

adjacent to the grain coarsened sub-zone the peak temperature will reach temperatures in
the range of 1100°C. Again the Ac 3 temperature is exceeded and full austenitisation will
occur. However, the Ac 3 temperature is not exceeded as significantly as in the GC sub
zone. In addition, the residence time at the peak temperature is small. Consequently
austenite grain growth will be limited resulting in a fine austenite grain size. Cooling
then results in transformation in the fine grained austenite to a fine grain size ferrite plus
eutectoid product (pearlite or bainite) on cooling to room temperature. The refined grain
size in this region is usually smaller than that in the unaffected parent metal.
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Figure 2.2.5. Fine-grained bainite of GR zone in 2.25CrlMo steel weldment [20]

Inter critical Sub-Zone (IC): In this sub-zone the peak temperature has decreased to
around 900°C and is in the range between the Ac$ and Acj temperatures.

In this

temperature range only partial transformation to austenite can occur. Consequently, on
cooling, those regions that were austenite will transform to bainite and/or pearlite, while
the untransformed grains, probably ferrite, would be tempered and coarsened.

Figure 2.2.6. Partially transformed structure of IC zone in 2.25CrlMo steel weldment,
transformed austenite (TA), tempered ferrite (TF) [20].
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2.2.3

Multipass Weld Heat Affected Zone Sub-zones

The three principal HAZ sub-zones (GC, GR & IC) described in Section 2.2.2 typically
result from a single weld pass. Figure 2.2.7 schematically illustrates these three regions
in the HAZ.

Figure 2.2.7. Schematic diagram of a single weld pass, 1, HAZ.

In the case where only one weld pass is required, the resultant microstructures in the
HAZ will be similar to those described so far.

However, the majority of welding

fabrication requires multiple passes to complete the welded joint. Multipass welding
introduces further complexity into the inhomogenity of the microstructures in the HAZ.
Several authors [6, 8, 19, 21] have identified changes in the original HAZ structure
resulting from subsequent weld passes. The changes are commonly described in terms
of the net effect on the previous weld HAZ structure. It is well accepted that multipass
welding can be beneficial, refining the structure, improving toughness and reducing
15

residual stresses. However there has been no research that systematically characterises
the changes that occur in each principal sub-zone of the HAZ as a result of a subsequent
weld pass.

2.2.4

The Post Weld Heat Treated Heat Affected Zone

Post weld heat treatment (PWHT) is traditionally used in industry for relieving residual
stress in the welded component. Contraction occurs during cooling of the weld metal
from the freezing point to room temperature.

If the component being welded is

restrained, this contraction is hindered, resulting in residual stresses within the weld.
The residual stresses present will vary for each weld and welding procedure.

The

presence of residual stresses is undesirable, reducing the toughness of the weldment, and
often increasing the susceptibility of the weldment to different types of cracking (e.g.
cold cracking, solidification cracking, lamellar tearing etc.)

Stress relief or PWHT is utilised to reduce or remove the residual stresses present due to
welding. Heat treatments vary and are commonly standardised, e.g. ASME, AS/NZS
pressure vessel codes.

In addition to relieving stress, PWHT has other subsequent

effects on the weldment. PWHT will modify the structure of the weldment, typically
resulting in the improvement of its mechanical properties. Both strength and toughness
can be improved by PWHT.

The HAZ is a common point of weakness in 2.25CrlMo weldments. As the majority of
2.25CrlM o steel components are subject to PWHT, understanding the structural changes
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that occur in the HAZ as a result of PWHT is of great, practical importance. Typically,
a PWHT involves heating the weldment and surrounding parent metal to a specified
temperature below the Aci temperature, and holding at that temperature for a
predetermined period of time. A common PWHT used for 2.25CrlM o weldments is
between 690-720°C for several hours [22].

When the weldment is homogeneously

heated and maintained within this range, all the structures present in the steel will be
tempered. Tempering the HAZ will coarsen existing structures like bainite plates, high
carbon bainite/pearlite and ferrite grains. In addition, changes on a much finer scale also
occur. These fine scale changes are related to the second phase carbide precipitates, and
will significantly affect the properties of the material. In general the carbides present
will coarsen while some new precipitation is also likely. More detail of the changes that
occur in the carbides during tempering will be discussed later.

While it is accepted practice, and often a requirement, to incorporate PWHT into the
fabrication of welded joints, some research has been conducted investigating non-PWHT
(in situ heat treatment) welding procedures [8, 23, 24]. The catalyst for this research has
been the significant savings in time and money possible by safely eliminating PWHT
procedures. It has been reported that the mechanical properties and the residual stressed
state will ordinarily improve over time at the operating temperature of the component
(e.g. plant operating temperature of 538°C) [25-27]. While welding without PWHT has
been used as common practice in some areas, its acceptance has been slow as there is
uncertainty regarding the long term affects on the HAZ microstructure and its associated
mechanical properties [28].
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2.3

Weld Heat Affected Zone Simulation

In principle, microstructural and property detail can be realised from actual welds.
However, the HAZ of a multi-pass weld has already been seen to be extremely complex
and some microstructural detail in a multi-pass weld HAZ may only occupy a very small
portion of the total HAZ. Therefore, it is difficult practically and in some cases almost
impossible to investigate the HAZ in detail.

While it may be argued that it is the

behaviour of the whole HAZ that is important, to truly understanding the behaviour of a
welded joint it may be necessary to look at the HAZ in finer, precise detail.

Weld simulation is a useful tool that has been used for several years, whereby the weld
thermal cycle is simulated under laboratory conditions in a volume of steel much more
suitable for microstructural and property testing. In addition, with accurate thermal data,
a test piece can be simulated to represent any one of the microstructural regions of the
HAZ.

Weld simulators have been developed for this purpose and commonly use

resistance heating and water cooling.

The thermal cycle is usually computer

programmed and controlled via thermocouples attached to the surface of the test piece.
The capabilities of the simulator limit the types of welding processes that can be
simulated and the size of the test piece, taking into account temperature variation
throughout the thickness of the sample. Weld simulation is also used where real test
welding is difficult, expensive, impossible or undesirable.
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Comparisons made between simulated and real weld samples have shown that
satisfactory correlation with respect to both microstructure and mechanical properties
are achievable [29-31]. Factors that may cause poor correlation include: differences in
heating or cooling rate, method and accuracy of temperature measurement (e.g.
thermocouple type), variations in temperature gradients resulting from size and shape
differences.

In 1996, Bowers and Letts [29] investigated a 2.25CrlM o steel weld repair process for
the possible replacement of PWHT.

They used a Gleeble 1500 thermal/mechanical

simulator to simulate 2 and 3 cycle repair welds.

Two welding processes were

investigated, temper-bead welding and weaved welding. Lau and Hartwick [30] used
similar thermal cycles to Bowers et al [29] in their weld simulation experiments.

Smith et al [31] studied the effect of a long PWHT on the microstructure and mechanical
properties of a welded joint in a 0.2%C-1.4%Mn-0.5%Mo pressure vessel steel. They,
in recognising the inherent heterogeneity in the weld HAZ structure, sought to
investigate the properties of different HAZ regions. The thermal cycles for each region
were determined using dilatometry and the weld heat input. The dilatometry results
identified the peak temperatures and the cooling rate, Atg/s (800-500°C). To generate
sample microstructures they used a weld simulator that functioned on the same
principles as a Gleeble simulator. The simulated structures exhibited good correlation
with the corresponding as-welded structures.
subsequently subject to an appropriate PWHT.
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The simulated structures were

2.3.1

Gleeble 3500 Therm al/M echanical Sim ulator

The Gleeble 3500 is a fully integrated, digital closed-loop control, thermal and
mechanical testing system, Figure 2.3.1. For HAZ simulation only the thermal operation
system is utilised. The Gleeble 3500 uses a direct resistance heating system capable of
heating samples at rates of up to 1000°Cs‘1.

To achieve these high heating rates,

samples are held in the machine by high thermal conductivity Cu-Be grips. In addition
to high heating rates, the quenching system in the Gleeble 3500 can achieve cooling
rates in excess of 1000°C' 1 at the sample surface. Thermocouples provide signals for
accurate feedback and control of the sample temperature. It is also possible to achieve
significant residence times, i.e. holding the temperature at a determined steady-state
equilibrium temperature.

Figure 2.3.1. Photograph of Gleeble 3500 thermal/mechanical simulator at The
University of Wollongong.
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The digital control system in the Gleeble 3500 provides the required control of thermal
test variables. Computer or manual control, or a combination of these is used to run the
Gleeble 3500.

An embedded processor executes simulations and collects the data

according to the computer program. The computer control environment is a Windows
based workstation. This is used to create simulation programs, via appropriate software
programs, and to analyse the resulting data.

The Gleeble 3500 is a powerful tool that can be used extensively in a wide range of
research applications and is the focus of much research today. Further complexities of
the Gleeble 3500 thermal/mechanical simulator are beyond the scope of the current work
[32].

2.4

Carbides

Precipitation hardening is one of the principal strengthening mechanisms in CrMo low
alloy steels. The precipitates that strengthen CrMo steels by this mechanism are alloy
carbides. The size and morphological development of carbides is very important. The
precipitation of carbides in a steel is dependent on the composition of the steel and is
predominantly determined by the thermal history [33]. Carbon is the element in steel
primarily responsible for the presence of carbides. In addition, other carbide forming
elements, with a high affinity for carbon, are required.
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These elements include

manganese, chromium, molybdenum, vanadium, titanium, tungsten and niobium. CrMo
steels have significant quantities of chromium and molybdenum, and will precipitate
carbides under appropriate conditions.

The precipitation of alloy carbides in CrMo steels is a diffusion controlled process and is
dependent on both time and temperature. The rate of diffusion of atoms through the
steel lattice is strongly dependent on temperature.

The higher the temperature the

greater the rate of diffusion. In CrMo steel, if Cr and Mo are in solid solution at room
temperature, raising the temperature of the steel will promote precipitation of carbides,
with the kinetics of precipitation increasing as the temperature is raised. At a given
temperature the diffusivity of carbide forming elements in the steel is usually rate
controlling as they diffuse substitutionally, compared with carbon that diffuses
interstitially. The diffusivity of carbon in iron is several magnitudes greater than that of
the carbide forming elements.

Alloy carbides will generally not precipitate until a

temperature of about 500°C is reached, as below this temperature the carbide forming
elements cannot diffuse sufficiently rapidly to combine and allow alloy carbides to
nucleate.

2.25CrlM o low alloy steel has a composition range as in Table 2.1.1. With carbon,
chromium and molybdenum present in such quantities it is likely that carbides will be
present in some form in the structure. 2.25CrlMo is commonly found in the normalised
and tempered condition and has a structure typically consisting of ferrite and tempered
bainite grains with a fine dispersion of alloy carbides.
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The carbides present in 2.25CrlMo low alloy steel have been studied in detail because
of their importance in the properties of these steels. The types of carbides that have been
found in 2.25CrlM o steel after tempering, their morphology and crystal structure are
outlined in Table 2.4.1.

Figures 2.4.1-2.4.4 show micrographs of corresponding

carbides.

Table 2.4.1. Carbides commonly found in 2.25CrlMo low alloy steel [35].

Carbide

Morphology

Structure

platelets, feathery, lath
Orthorhombic

M 3C

like
fine acicular intergranular,
m 2c

fringe, globular particles

Orthorhombic

on grain boundaries
fine acicular, rod,
M 7C 3

parallelogram,

trigonal

intergranular
rod, grain boundary
complex cubic, fee

M23C6

particles
rod, globular, grain
complex cubic, fee

m 6c

boundary particles

The metal ‘M ’ in the above carbide formulae corresponds to a carbide forming elements,
Fe, Cr or Mo.

These carbides are not always stoichiometric and the ‘M ’ may be a
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mixture of metal atoms [34], e.g. (Cr, Fe)23C6. Some of these carbides may be present in
the normalised and tempered 2.25CrlM o low alloy steel. Mitchell [35] has described
the carbides present in a normalised and tempered 2.25CrlMo low alloy steel. Within
the bainitic regions large laths of Fe-rich M3C and some fine, acicular, intralath Mo-rich
M2C carbides are present. The ferrite regions show fine, acicular M2C, with some lath
and globular M3C carbides on the prior austenite grain boundaries.

Figure 2.4.1. M3C laths and fine needles of M2C [35].
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Figure 2.4.2. M2C within the ferrite, M3C laths on the grain boundaries [35].

Figure 2.4.3. M7C3 rounded rod carbides and M23C6 within the bainite [35].
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Figure 2.4.4. Grain boundary precipitates of M7C3 and M23C6, clusters of M6C [35].

From Table 2.4.1, different morphologies can exist for the same carbide. This makes it
difficult and often misleading to identify carbides from morphology alone. Additional
chemical and structural analysis is therefore essential for the accurate identification of
carbides. Some authors [36, 37] have analysed carbides based entirely on composition
measurements, whereby the composition of significant elements Cr, Fe and Mo are used
to identify the type of carbide.

Additional information that assists the accurate

identification of carbides in 2.25CrlM o low alloy steel (Table 2.4.1) follows:

MsC\- an iron rich carbide, typically referred to as Fe3C cementite.

Considerable

amounts of other elements, e.g. Cr, Mn, Ni and Co, can be taken into solution in this
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carbide. Cr can replace up to 20% of the Fe atoms in M3C while Mo dissolves less
significantly [34].

M 2 C'- usually a molybdenum rich carbide M02C. Both Cr and Mo are significantly
soluble in this carbide. Fe is also soluble but less significantly [34].

M 7C3 - usually a chromium rich carbide, Q7C3. Fe is highly soluble in this carbide and
can become the major element, replacing up to 60% of the Cr atoms. Mo, Mn, V, W and
Ni are also soluble in this carbide to a lesser extent [34].

M 23 C6 '.-In steels containing Mo (as for 2.25CrlMo), the usually chromium rich carbide
Cr23C6 can occur in the total absence of Cr, replace by Fe and Mo, FexMoyC6 (X + Y
=23). Mn, V and Ni are again soluble in this carbide [34].

AftfC:- usually contains Fe and Mo, FexMoYC (X + Y =6) and also show appreciable
solubility for other elements, Cr, W and V [34].

2.4.1

Carbides and Weld Thermal Cycles

Dissolution of carbides in CrMo steels is an important consideration in welding. On
heating above their dissolution temperature, existing carbides may dissolve into solution.
Different carbides have different thermal stability and will dissolve at different
temperatures.

Cr carbides are the most stable in 2.25CrlM o steel dissolving in the
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vicinity of 900°C, while Fe and Mo carbides have slightly lower thermal stability,
dissolving at about 750°C [38, 39].

The dissolution of carbides in CrMo steels at elevated temperatures will eliminate any
dispersed phase strengthening effect. There will be no particle obstacles for dislocations
or grain boundaries, resulting in easy deformation and grain growth.

This is an

important consideration for determining the operating temperature of CrMo steels. The
common operating temperature range for CrMo steels is 500-600°C. In this range the
carbides precipitates will remain in the structure and provide improved strength through
those mechanisms described in Section 2.1.2.

PWHT also assists with structural

stability, as it is usually carried out at temperatures above the operating temperature of
the steel [41]. Whilst initial, and short term, structural stability may be achieved, further
changes in the structure will occur over the service life of the component through
diffusion controlled precipitate coarsening mechanisms.

Heating in the HAZ during welding is very rapid. The rate at which the temperature
increases during welding far exceeds normal furnace heating. The rapid heating will
increase in the dissolution temperatures of the carbides present due to the reduced time
for dissolution to occur at lower temperatures.

Despite this increase in dissolution

temperature, the carbides close to the fusion boundary in the HAZ are still likely to
dissolve, with temperatures exceeding 1200°C. With increased distance from the fusion
boundary (into the parent metal), the portion of carbide dissolution will decrease. In the
regions of the HAZ where carbide dissolution has occurred, some re-precipitation may
occur on cooling. The amount of re-precipitation that takes place is strongly dependent
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on the cooling rate. At higher cooling rates, there will be less time for precipitation to
occur, resulting in a smaller number and volume fraction of particles precipitated. At
room temperature, after welding, the carbide density would be expected to increase with
increasing distance from the fusion boundary to the parent metal. The carbides present
in this region would include some of those outlined in Table 2.4.1.

2.4.2

Carbides and Post Weld Heat Treatment

In Section 2.2.4 it was noted that carbides present in the structure will undergo
significant changes as a result of the PWHT. In general the changes will be that the
existing carbides will coarsen and the precipitation of some new particles is also likely.
Microstructural change on this fine scale will significantly affect the properties of the
material.

Carbide coarsening is a diffusion controlled process and is dependent on time and
temperature. From their formation between 500-600°C, an increase in temperature, or
residence at this temperature will result in carbide coarsening. Carbide coarsening in
CrMo steels will have a marked influence on their mechanical properties. For each
carbide, the rate of coarsening will be different. In most cases, the carbide phase that is
the most thermodynamically stable will dominate.

Baker and Nutting [27] have studied the precipitation of carbides during tempering
(stress-relief or PWHT) in 2.25CrlMo steel. Other authors [42-44] have observed a
precipitation sequence that is generally consistent with that observed by Baker and
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Nutting [27].

This basic sequence of carbide precipitation, Figure 2.4.5, is for the

tempered bainitic microstructure in normalised 2.25CrlM o steel, in the temperature
range 400-750°C.

CT7C3

► M6C
A

8-carbide -------► cementite

------ ► cementite
+ Mo2C

M23C6

Figure 2.4.5. Precipitation sequence in 2.25CrlMo steel HAZ [27]

The distribution of the carbides varies significantly.

M 02C precipitates by separate

nucleation, while the remaining carbides precipitate by nucleating at carbide particles
already present [27].

PWHT usually involves only short ‘tempering’ times and therefore the ‘equilibrium’
carbide structures may not necessarily be present in significant volumes. Andrews et al
[43] used long tempering times (< lOOOh) and described the ‘equilibrium’ carbide
structures present in ferrite as M 7C 3 and M 6C.

Baker and Nutting [27] along with

Tichmarsh [44] proposed that M6C and M 23C6 were the stable carbides, at 700°C.
Mitchell [35] described the carbides present in the parent metal and HAZ of a
2.25CrlM o steel after a PWHT of 670°C-730°C for 3-8 hours. The starting condition of
the base metal was normalised and tempered. In the parent metal the prior austenite
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grain boundaries were decorated with M7C3 carbides. This carbide was also present
with fine rounded morphology in bainite. The bainite also contained some M23C6, with
rounded morphology.

Some M2C was present in bainite and was the only carbide

present in ferrite. The, previously acicular, M2C carbides had become more rounded. In
the HAZ comprising of fine grained bainite, the dominant carbide was M23C ô, which
was present in several forms. Globular carbides delineated the grain boundaries, while
some large clusters of smaller carbides were observed. Only a small amount of M7C3
and M ôC were detected, no M2C. The observations recorded by Mitchell [35] were
consistent with the precipitation sequence described by Baker et al [27].

From a

comparison of these descriptions of carbides with those described earlier for the aswelded structure, the significant differences that exist on a fine scale, are clear.

2.5

Mechanical Properties

2.5.1

Hardness

In an ordinary weld, the size of the HAZ is too small to extract detailed mechanical
property data.

As discussed in Section 2.3, weld simulation techniques allow the

detailed HAZ’s mechanical properties to be studied. The limitation of simulation is that
the surrounding material is removed and with it, its effect on the sample being tested.
For mechanical tests such as hardness, where the test area is small and specific, these
affects will be less significant and could be considered negligible.
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The hardness of a material can give an indication of the strength of the material. In
general hardness is a measure of the resistance to indentation deformation, and for
metals this is usually plastic (permanent) deformation.

Hardness can be related

empirically to tensile/yield strength and can also be related to weldability through
carbon equivalent (Ceq).

There are several different types of hardness measurement, but of these types, only
indentation hardness is of engineering significance. Indentation hardness tests include:
Brinell, Myer, Rockwell and Vickers. The Rockwell and Vickers techniques are perhaps
the most widely used of all indentation hardness testing techniques. The methodology
of hardness testing is outlined in several standard procedures.
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Summary

2.25CrlMo steel is frequently used in power and petrochemical plants. While the
structure and properties of the base steel are reasonably well understood, when it is
fabricated by welding the effective use of this steel must be re-considered for typical
applications.

In a welded joint, three distinct microstructural sub-zones typically and most commonly
define the HAZ; grain coarsened, grain refined and intercritical sub-zones. Although
this simplified approach appears to make understanding the behaviour of welds more
accessible, the complexity of the HAZ in multipass welds with overlapping thermal
cycles mean that this approach is a gross over-simplification. Moreover, there is a lack
of systematic investigation of the structural complexities, arising from overlapping HAZ
sub-zones.

There is a clear need for work to provide a systematic structural characterisation of the
HAZ of a multipass 2.25CrlMo steel weldment. Fundamental data are required to
facilitate understanding of the behaviour of multipass welds in service applications.

It is the intention of those involved that this work may establish a foundation of
fundamental knowledge from which further investigation in this area can be continued.

33

In the present work, detailed, systematic microstructural characterisation of the HAZ of
a 2.25CrlMo steel multi-pass weld has been carried out. In addition, this work
examines structure/property relationships in the HAZ of 2.25CrlMo steel weldments.
The aim of the investigation was to establish a foundation of fundamental knowledge
from which further study could be continued in order to achieve a thorough
understanding of the performance of a 2.25CrlMo steel multi-pass weld at elevated
temperatures.
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3.0
EXPERIMENTAL

Objectives

The objectives of the investigation of simulated HAZ structures of multi-pass
2.25CrlM o steel welds were as follows.

1. To understand the structural variation that occurs in the HAZ of a multipass
2.25CrlM o steel weld.
2. To examine and characterise in detail the microstructural ‘sub-zones’ in the HAZ
of a multipass 2.25CrlM o steel weld.
3. To

undertake

preliminary

mechanical

property

testing

of

some

key

microstructural sub-zones identified in the investigation.

3.1

M aterials

The material used in this study was a 2.25CrlM o low alloy steel. The composition of
this steel is shown in Table 3.1.
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Table 3.1.1. The composition of 2.25CrlM o pressure vessel steel (wt%)

%c

%Cr

%Mo

%Ni

%Mn

%Si

%Cu

% Al, S, P, Sn, V, W, As, Sb

0.14

2.25

0.91

0.24

0.45

0.4

0.19

<0.03

3.2

Full Scale M ulti-Pass Welding

In order to understand the structural variation that occurs in the HAZ of a multipass
2.25CrlM o steel weld, instrumented, full-scale multi-pass test welds were produced.
The test welds were created in 24mm plate using low hydrogen consumables with both
gas tungsten arc (root pass) and shielded metal arc (hot pass, fill and cap) welding
processes. A preheat and minimum interpass temperature of 200°C and a maximum
interpass temperature of 350°C were used. A total of two test welds were created. A
low heat input (0.8 kJ/mm) test weld was produced that represented the optimum
welding practice for this material. It consisted of seventy-seven stringer passes. The
second test weld was made using a high heat input (2.2 kJ/mm) that represented a
welding procedure that may be seen as adverse. It consisted of forty stringer and forty
weave passes. The weld joint configuration for both welds was single-V, Figure 3.2.1.
PWHT was carried out at 700°C for two hours.
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Figure 3.2.1. Schematic diagram of the real weld configuration and weld development.

3.3

Image Analysis

In the literature it is well accepted that three principal sub-zones exist in the HAZ of a
single pass weld. Certain authors have also identified the presence of new structural
regions evolving as a result of subsequent weld passes in a multipass weld. For the
current research it is fundamental to identify and quantify the various sub-zones present
in the HAZ of a multipass weld before a detailed, systematic analysis can be effectively
carried out.

Successful techniques have been recently used to identify and quantify the sub-zones in
a multipass 0.5Cr0.5Mo0.25V steel weld HAZ [45]. The percentages of individual sub
zones in the HAZ were measured by image analysis [45]. The three principal HAZ sub
zones, grain coarsened (GC), grain refined (GR) and intercritical (IC), and the nine new,
double reheated sub-zones, namely GC-GC, GC-GR, GC-IC, GR-GC, GR-GR, GR-IC,
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IC-GC, IC-GR, IC-IC were quantified. The qualitative results from the work by Li et al
[45] were utilised in this investigation.

3.4

Acquisition of Thermal Data for Heat Affected Zone

Simulation

To acquire the thermal data needed for weld HAZ simulation, additional instrumented,
full-scale multi-pass test welds were produced.

24mm 2.25CrlM o steel plate was

machined to a single ‘V ’ preparation as shown in Figure 3.4.1. The welding conditions
used were the same as those outlined for the previous full-scale test welds. To measure
the thermal cycling in the HAZ, thermocouples (Type K) were embedded into the plate
at different depths from, and perpendicular to, the welding surface.

A schematic

diagram of the set-up of this instrumented, full-scale test is shown in Figure 3.4.2. Both
stringer and weaved weld passes were deposited onto the prepared surface of the plate,
Figure 3.4.1.
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Welding electrode

t

24mm

I

Figure 3.4.1. The preparation of 2.25CrlMo steel plate for full-scale multi-pass test
welding, showing the deposition of one weld run onto the surface of the test plate.

Welding Electrode

Figure 3.4.2. Schematic illustration of the set-up for acquiring thermal data for HAZ
simulation.
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The thermal data acquired from these instrumented, full scale multi-pass test welds were
presented in the form of temperature versus time profiles, thermal cycles, for each
thermocouple. Representative thermal cycles for some of the thermocouples are shown
in Figure 3.4.3. From these thermal cycles, the peak temperature (Tp) and cooling rate
from 800-500°C (Ats-s) of the three principal sub-zones of the HAZ (GC, GR, IC) were
measured. These thermal data were later used for the simulation of weld HAZ sub
zones.

Figure 3.4.3. Representative thermal cycles of some of the thermocouples in the
instrumented, full-scale multi-pass test welds.
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3.5

Weld Heat Affected Zone Simulation

The weld HAZ simulation was completed using a Gleeble 3500 thermal-mechanical
simulator.

3.5.1

Thermal Cycle Programs

The thermal cycle data used to simulate the HAZ sub-zones was generated from the
instrumented, full-scale tests welds, detailed in Section 3.4. Using this data, a computer
program was written, in Gleeble Script Language (GSL), that accurately replicates the
thermal cycling conditions experienced in the full-scale test welds. GSL programs were
written for the three principal zones in the HAZ for both low and high heat input
conditions: GC, GR, IC. Using combinations of these three principal GSL programs,
GSL programs for all 12 sub-zones (Section 3.3) were written.

3.5.2

Weld Simulation Samples

The 12 sub-zones identified by image analysis formed the basis of the program for weld
HAZ simulation. Different sample shapes and sizes were used. A detailed description
of the samples used follows.

Metallography Samples - 80mm long, 10mm diameter rods of virgin 2.25CrlMo steel
were used for metallography samples. A single HAZ sub-zone structure was simulated
at the centre of each individual rod, Figure 3.5.1. This procedure was the same for both
high (2.2 kJm m '1) and low (0.8 kJmm"1) heat inputs.
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Simulateci HAZ Zone

Figure 3.5.1. Sub-zone simulated in the metallography sample.

Charpy Samples - 80mm long, 10mm square sections, were used for simulation of the
Charpy impact test specimens. A single HAZ sub-zone structure was simulated at the
centre of each Charpy test bar, Figure 3.5.2.

Only the dominant HAZ sub-zones

observed in the full-scale multipass welds were selected for simulation, outlined in Table
3.5.1. The Charpy specimens were machined to standard dimensions after simulation.

Figure 3.5.2. Simulation of Charpy impact test specimens
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Table 3.5.1. HAZ sub-zones from full-scale multipass welds chosen for Charpy impact
testing. [45].

HAZ Sub-zone

Area Fraction of Zone within HAZ (%)

Selected for Charpy
High Heat Input

Low Heat Input

GC

6.6

11.6

GR

15.6

18.6

IC

28.1

26.1

GC-GC

7.7

4.3t

Balance*

42.0

39.4

Impact Testing

f GC-GC zone for low heat input was chosen for comparison to high heat input GC-GC
* Balance o f zones include remaining double and triple reheated sub-zones.

3.6

Optical Microscopy

Standard metallographic techniques were used to prepare the samples for optical
microscopic investigation. The samples containing the simulated HAZ sub-zone were
sectioned through the centre of the simulated HAZ zone, Figure 3.6.1. Half the sample
was studied in the as-simulated condition while the other half was subject to a heat
treatment (simulated PWHT) of 700°C for 2 hours in a vacuum furnace.
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Simulated HAZ zone

Figure 3.6.1. Sectioning the optical metallography samples.

The samples were sectioned using an Accutom 5, high revolution, precision cutting
machine. The cutting wheel was an ATO 3 wheel lubricated and cooled during cutting by
a water/coolant mixture.

The sectioned samples were individually mounted in a low shrinkage exopy resin,
Epofix'6. Araldite®.

This resin has a low curing temperature and ensures a good

sample/mould interface. After mounting, each sample was ground and polished using a
Struers Abramin automatic polishing machine.

Samples were ground using silicon

carbide paper from P120 to P12Q0 and polished using cloths, with 3pm and 1pm
diamond suspension.

To reveal the samples microstructure, a 2.5% Nital chemical etchant was used. The time
taken to sufficiently etch each sample varied. To achieve an appropriate etch, several
observations of the etch severity* were made after short etching times ( - 2-10 seconds).

44

The microstructural detail revealed by the etchant was observed using both Leica and
Nikon optical microscopes. Representative photographs were taken of the structure of
each simulated zone in both the as-simulated and PWHT conditions.

3.7

Transmission Electron Microscopy

A Jeol 2000 FX Transmission Electron Microscope (TEM) was used for high resolution
investigation of the precipitates in selected HAZ sub-zones. Of primary concern in this
investigation were carbide precipitates.

The scope of the investigation included

morphology, chemical composition and crystal structure of the carbides.

Carbon extraction replicas and thin foil samples were used for this investigation. The
procedure for producing the carbon replicas was as follows.

Polish and lightly etch the sample. The samples were polished and etched in the same
manner as the metallography samples in Section 3.6.

However, in contrast to the

metallography samples, these TEM samples were only lightly etched. A light etch is
achieved in the time taken for the polished surface to first appear dull.

Under the

microscope, observing only the initial stages of attack of the structure indicates a light
etch.
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Coat the sample with carbon. The polished and lightly etched sample were then coated
with a thin layer of carbon. The samples were carbon coated using a Dynavac High
Vacuum System.

Score the deposited carbon film. The deposited carbon coating was scored in a grid
using a sharp cutting blade, Figure 3.7.1.

Figure 3.7.1. Scoring of the carbon coating on the sample.

Aggressive Etching. When the coating had been scored the samples were individually
etched in an aggressive, 10% Nital chemical etchant to lift the carbon coating from the
sample. The sample is soaked in the Nital solution until the carbon coating lifts off the
sample, taking with it surface carbides, representative of the carbides in the structure.

Retrieval o f Carbon Replicas. The sample and coating is then placed in distilled water
where the carbon squares float off the sample into the solution. Copper grids, 3mm in
diameter, suitable for use in the Jeol 2000 FX TEM are used to mount the carbon film
squares, Figure 3.7.2.
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Thin, carbon film square

Copper mounting grid (03mm)

Finished carbon
extraction replica

Figure 3.7.2. Method of generating carbon extraction replicas.

The samples for which carbon replicas were extracted included GC, GR, IC and GC-GC
for both high and low heat input procedures. These are consistent with the samples
chosen for Charpy impact tests.

The carbon extraction replicas were viewed in the TEM under a voltage of lOOkeV at
magnifications from 5000X to 100000X. Photographs of the carbides were taken at
various magnifications to record their morphology.

Energy Dispersive Spectrometry

(EDS) analysis was conducted on several of the common carbides observed in the
replicas.

Diffraction patterns of the common carbides were photographed.

The

diffraction patterns were obtained by micro-diffraction and selected area diffraction (for
some very fine carbides). These diffraction patterns were later indexed, to determine the
crystal structure and lattice parameters of the common carbides.
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In addition to the carbon extraction replicas, thin foil samples were prepared and viewed
in the TEM to confirm and support findings from the carbon extraction replicas. Only
the low heat input samples (GC, GR, IC and GC-GC) were used for thin foils. To make
the thin foil samples, 0.2mm discs were cut from the simulated sample using the
Accutom 5 cutting wheel. These discs were then manually ground until approximately
100pm thick. From these discs, 3mm discs were cut using a spark erosion cutting unit
(SEMEMT-Spark Erosion Unit). These 3mm discs were then electro-jet polished using
a Struers TENUPOL-2 twin jet polisher in a solution of 10% perchloric 90% acetic acid.
The electropolishing voltage was 50V, sensitivity 10, flow rate 6-7 and the temperature
ambient. On completion of electropolishing, the thin foil samples were washed twice in
distilled water and once in alcohol.

The thin film samples were viewed under the Jeol 2000 FX TEM to investigate the real
distribution of the carbides in the steel and to confirm the results obtained from the
carbon extraction replicas. The accelerating voltage used for the thin foil samples was
160keV. Magnifications of from 5000X to 100000X were used, and photographs of the
carbides were taken.

3.8

Hardness Testing

The hardness of each sample, low and high heat input, with and without PWHT, was
measured using a Leco M-400-H1 microhardness testing machine. A 200 gram load
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was used, with a loading time of 12 seconds.

Ten microhardness indentations were

measured starting at 1mm from the sample edge and at 0.5mm intervals towards the
sample centre. This method is schematically illustrated in Figure 3.8.1.

Hardness Indentation

Figure 3.8.1. Schematic illustration of the method used to measure the hardness of each
sample.

From the resulting ten hardness measurements, the highest and the lowest measurements
were omitted. The average of the remaining eight measurements gave the hardness of
the HAZ sub-zone.
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4.0
RESULTS

4.1

Thermal Data for Heat Affected Zone Simulation

Thermal data for the HAZ simulations were measured from instrumented full-scale multi
pass test welds. Table 4.1.1 below shows the results of these tests. This information was
used directly for the simulation of HAZ structures in 2.25CrlM o steel.

Table 4.1.1. Thermal data for weld HAZ simulation. Measured values for Tp and Atg-s in
the three principal sub-zones for the two weld heat inputs.

Sub-zone
GC

GR

IC

1350

1000

900

Atg-s (s) - low heat input

13

13

13

Atg-s (s) - high heat input

30

30

35

TP (°C)

d.2

Sim ulated Heat Affected Zone Sub-zone Microstructures

The microstructures of simulated samples both with and without simulated PWHT were
systematically investigated as outlined in Section 2.6-Optical Microscopy.

The virgin

2.25CrlM o base metal was received in a normalised and tempered condition. Figure 4.2.1
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shows a micrograph of the virgin base metal, which shows a mixture of ferrite (white) and
tempered bainite (dark).

»

Figure 4.2.1. A micrograph of virgin, 2.25Crl Mo base metal.

4.2.1

i ■

........ i

SOgm

G rain Coarsened Sub-zones

The simulated grain coarsened sub-zones include the GC, GC-GC, GR-GC and IC-GC
regions. The structure of all grain coarsened sub-zones was characterised by a large prior
austenite grain size. This characteristic feature results from the high temperature (Tp ~
1350°C) of the final weld pass.

Low Heat Input Simulations
Figure 4.2.2 shows the microstructures of the low heat input grain coarsened sub-zones.
These sub-zones exhibit a structure of bainitic ferrite, consisting of ferrite plates with
interplate islands of a second constituent. The dominant second constituent was retained
austenite. The prior austenite grain boundaries were clearly revealed by the etchant.
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(C)

(d)

§______
50pm

Figure 4,2.2, Micro structures of the low heat input grain coarsened sub-zones before
PWHT. (a) GC, (b) GC-GC, (c) GR-GC and (d) IC-GC

After PWHT the majority of sub-zones consisted of highly tempered bainitic structures.
General coarsening effects, plate and carbide coarsening, were observed in all samples.
There was however some difference observed between structures of different sub-zones.
The GC sub-zone contained some polygonal ferrite indicating that recrystallisation had
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occurred, probably in the final stages of PWHT.

The GC-GC sub-zone retained a

coarsened plate ferrite structure similar to that present before PWHT. In the remaining sub
zones, GR-GC and IC-GC there were some dark etched regions with an extremely fine
structure. Figure 4.2.3 shows the structures of the low heat input grain coarsened sub-zones
after PWHT.

(a)

(b)

(c)

(d)

i______
50pm

Figure 4,23. Microstructures of the low heat input grain coarsened sub-zones after
PWHT. (a) GC, (b) GC-GC, (c) GR-GC and (d) IC-GC.
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High Heat Input Simulations
The simulated high heat input grain coarsened sub-zones before PWHT showed no
significant differences from the low heat input structures despite the lower cooling rate. All
structures again consisted of bainitic ferrite, Figure 4.2.4.

(a)

(b)

(C)

(d)

_________,
50|im

Figure 4.2.4. Microstructures of the high heat input grain coarsened sub-zones before
PWHT. (a) GC, (b) GC-GC, (c) GR-GC and (d) IC-GC.
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After PWHT the structures, Figure 4.2.5, appear different to those of the low heat input
procedure, Figure 4.2.3.

All sub-zones except GC-GC showed some polygonal ferrite

along with tempered bainite. The GC-GC sub-zone was similar for both high and low heat
inputs and exhibited a homogeneous structure of tempered bainite.

(a)

(b)

(c)

(d)

|_______
50pm

Figure 4.2.5. Microstructures of the high heat input grain coarsened sub-zones after
PWHT. (a) GC, (b) GC-GC, (c) GR-GC and (d) IC-GC.
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4.2.2

Grain Refined Sub-zones

Low Heat Input Simulations
The simulated grain refined sub-zones include the GR, GC-GR, GR-GR and IC-GR
regions. The peak temperature of the grain refined region was relatively low (~1000°C).
Consequently the austenite grain size produced was fine, and transformed into a fine ferrite
structure in the majority of cases, Figure 4.2.6.
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(C)

(d)

,______
50pm

Figure 4.2.6. Microstructures of the low heat input grain refined zones before PWHT. (a)
GR, (b) GC-GR, (c) GR-GR and (d) IC-GR

The GC-GR sub-zone was the only region that did not show a fine ferrite grain structure. A
typical grain coarsened structure consisting of bainitic ferrite resulted, Figure 4.2.6(b).

57

After PWHT of the GR, GR-GR and IC-GR sub-zones, substantial recrystallisation and
coarsening of the ferrite grains was observed, Figure 4.2.7. In the case of the PWHT GCGR sub-zone, a network of coarse polygonal ferrite was present together with some regions
of tempered bainite, consisting of coarsened plates and carbides, Figure 4.2.7(b).

This

structure is similar to that of comparable grain coarsened sub-zones, except that the ferrite
grains are significantly larger.
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(C)

(d )

t_______

50pm

Figure 4.2. 7. Microstructures of the low heat input grain refined sub-zones after PWHT.
(a) GR, (b) GC-GR, (c) GR-GR and (d) IC-GR
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High Heat Input Simulations
The high heat input grain refined HAZ sub-zones before PWHT show similar
microstructures to those of the low heat input procedure, Figure 4.2.8.

The GC-GR sub-zone structure was bainitic ferrite, Figure 4.2.8(b), but it was slightly
coarser than the structure produced by the low heat input procedure Figure 4.2.6(b).

(a)

(c)

(b)

(d)

i

i

50pm

Figure 4.2.8. Microstructures of the high heat input grain refined sub-zones before PWHT.
(a) GR, (b) GC-GR, (c) GR-GR and (d) IC-GR
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After PWHT, the GR, GR-GR and IC-GR sub-zones were similar to those of the low heat
input procedure. The only observable difference was a slight increase in the ferrite grain
size, Figure 4.2.9.

(a)

(b)

(c)

(d)

,______
50pm

Figure 4,2.9. Microstructures of the high heat input grain refined sub-zones after PWHT.
(a) GR, (b) GC-GR, (c) GR-GR and (d) IC-GR
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The high heat input GC-GR sub-zone in the PWHT condition showed a structure consisting
of coarsened bainitic ferrite and some ferrite grains, Figure 4.2.9(b).

4.2.3

Intercritical Sub-zones

The simulated intercritical sub-zones include the IC, GC-IC, GR-IC and IC-IC. These sub
zones

had

a peak temperature

such that only partial transformation occurred.

Consequently, the resulting structure is highly dependent on the starting structure. As there
are three double re-heated sub-zones in which the IC thermal cycle followed a different
starting structure, there were several different final structures.

Low Heat Input Simulations
The low heat input intercritical sub-zone structures can be seen in Figure 4.2.10. The IC
sub-zone typified a partially transformed structure. It consisted of new femte/bainite grains
formed on cooling from the austenitised regions and tempered, coarsened grains of un
transformed ferrite/bainite.

The GC-IC sub-zone showed a structure of bainitic ferrite, similar to the grain coarsened
sub-zones. Any regions that austenitised during heating simply transformed back to bainite
during cooling.

The GR-IC sub-zone structure remained in a refined condition, similar to the original
structure and the IC-IC sub-zone structure was very similar to the IC sub-zone, except that
it was slightly refined.
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(a)

(b)

(c)

(d)

,______
50gm

Figure 4.2,10. Microstructures of the low heat input intercritical sub-zones before PWHT.
(a) IC, (b) GC-IC, (c) GR-IC, and (d) IC-IC.

After PWHT most of the intercritical sub-zone structures were similar, consisting of
coarsened equiaxed ferrite and tempered bainite, Figure 4.2.11.

63

(c)

(d)

t______
50|j,m

Figure 4.2.11. Microstructures of the low heat input intercritical sub-zones after PWHT.
(a) IC, (b) GC-IC, (c) GR-IC and (d) IC-IC.

The exception to the rule again was the sub-zone that incorporated a GC thermal cycle, GCIC. In the PWHT condition this sub-zone consisted of a tempered bainite structure with
little evidence showing of recrystallisation of ferrite, Figure 4.2.11(b).
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High Heat Input Simulations
The high heat input intercritical sub-zone structures can be seen in Figure 4.2.12.
Comparing these structures to the low heat input intercritical structures in Figure 4.2.10
there are very little observable differences.

The structures in Figure 4.2.12 can be

described in the same way as their corresponding sub-zone in Figure 4.2.10.

(a)

(b)

(c)

(d)

t______
50pm

Figure 4.2.12. Microstructures of the high heat input intercritical sub-zones before PWHT.
(a) IC, (b) GC-IC, (c) GR-IC and (d) IC-IC.
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As the structures before PWHT are similar for both the low and high heat input samples,
after PWHT, similar structures can again be expected.

Figure 4.2.13 shows the

microstructures of the high heat input, intercritical sub-zones after PWHT. For the IC, GRIC and IC-IC sub-zones, similar structures to the low heat input samples were observed,
consisting of coarsened equiaxed ferrite grains and some tempered bainitic regions.

In

contrast to these structures the GC-IC sub-zone showed regions of equiaxed ferrite and a
significant proportion of tempered bainite (retained plate ferrite structure). This is quite
different to the corresponding low heat input structure.
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(d)

(C)

L

J

50pm

Figure 4.2.13, Microstructures of the high heat input intercritical sub-zones after PWHT.
(a) IC, (b) GC-IC, (c) GR-IC and (d) IC-IC.
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4.3

Carbide Analysis

Not every sub-zone was subject to detailed carbide analysis. Initially, carbon extraction
replicas of each sub-zone for both the high and low heat input procedures were taken and
viewed in the TEM. From this investigation there were similarities across different sub
zones. For this reason, not all sub-zones were subject to further detailed investigation.

The low heat input procedure simulated in this work is seen to represent the optimum
welding practice for 2.25CrlM o thick section plate steel. In light of this, only the low heat
input procedure samples were considered for detailed carbide analysis. Of the 12 simulated
low heat input procedure samples, the most dominant sub-zones were selected for carbide
analysis. The dominance of a particular sub-zone was based on the area fraction of the
HAZ that it occupied. The four most dominant sub-zones, of greatest significance in the
HAZ, were the GC, GR, IC and GC-GC sub-zones. In addition to these 4 sub-zones, the
base metal was also subject to detailed carbide analysis to investigate the effect of the
welding thermal cycle on the carbides. The scope of the carbide investigation included
carbide morphology, chemistry/composition and structure.

4.3.1

Morphology

Base Metal
The base metal was received in the normalised and tempered condition. Figure 4.3.1 shows
the morphology of carbides in the base metal in the as received condition.
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From this photograph, two distinct regions with different carbide morphology and density
can be observed. The region with a higher density of carbides corresponds to the bainitic
regions (dark areas in Figure 4.2.1) in the microstructure as observed by optical
microscopy, Figure 4.2.1. The carbides in these regions have varied morphology, including
round, square and rectangular shapes. The sizes of these carbides vary in the approximate
range of 50-300nm.

The regions with lower carbide density correspond to the ferritic portion (white areas in
Figure 4.2.1) of the structure. The carbides in this region have less varied morphology,
consisting mainly of fine, needle shaped particles. The width of these carbides is in the
order of lOnm.
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Figure 4.3.1. Extraction replicas showing the typical morphologies of carbides in the base
metal in the as received condition, a) distinct carbide density difference in bainite and
ferrite (X 5000), b) carbides in bainite and ferrite (XI OK), c) needle shaped carbides
(X25K), d) rectangular shaped carbides (X50K).
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After PWHT, some changes in the carbides were observed, Figure 4.3.2. The changes were
most noticeable in the ferrite portion of the structure. The density of the needle shaped
carbides increased significantly with PWHT.

In addition there was more extensive

precipitation and coarsening of precipitates around the grain boundaries.
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(c)

(à)

Figure 4.3.2. Extraction replicas showing the typical morphologies of carbides in the base
metal after PWHT. a) precipitate coarsening at grain boundaries (XI OK), b) increased
density of needle shaped carbides in ferrite (X25K), c) assorted carbides at grain boundaries
(X50K), d) square and rectangular shaped carbides (X50K).
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Grain Coarsened Sub-zone (GC)
The carbides observed in the GC sub-zone are indicative of the carbides observed in all the
grain coarsened sub-zones (defined as those sub-zones with a GC thermal cycle last, eg.
GR-GC and IC-GC). Very similar carbide precipitates were observed in all grain coarsened
zones. Typically these sub-zones had a very low density of carbides in the as-simulated
condition. After PWHT, the carbides seen in these sub-zones were also similar.

Figure 4.3.3 shows the carbides present in the simulated GC sub-zone of the HAZ. It is
apparent from this photograph that the GC sub-zone is essentially carbide free. Only a few
isolated carbides were observed throughout the whole sample. The absence of carbides in
this sub-zone is related to the thermal stability and dissolution of carbides in the base metal.
It is apparent that the carbides are not thermally stable, but dissolve during heating and at
temperatures near the peak temperature of a GC thermal cycle, 1350°C.

After PWHT, the carbide density increased dramatically, Figure 4.3.4.

The simulated

PWHT (700°C for 2 hours) resulted in extensive precipitation and coarsening of carbides
throughout the GC sub-zone structure. Five distinguishable carbide morphologies were
observed in the GC sub-zone sample, Table 4.3.1. The nomenclature chosen here best
describes the carbide morphologies observed.
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Table 4.3.1. Five groups of carbides observed in the GC HAZ sub-zone.

Morphology
1.

Thin Foil

Description
-usually large, thin, two dimensional, often with
observable structural faults within

2.

Finger

- long and thin, usually present in carbide
networks

3.

Cuboidal

- usually small square shaped particles

4.

Rectangular

- rectangular, varying size

5.

Needle/Fibre

- long and very thin, usually aligned to a
particular orientation
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Figure 4 3 3 . Extraction replicas showing typical isolated carbides in the GC sub-zone
before PWHT (a) XIOK, (b) X50K, (c) X100K, (d) X100K.
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Figure 4.3,4. Extraction replicas showing the typical morphology of carbides in the GC
sub-zone after PWHT. a) assorted carbides (X25K), b) needle/fibre carbides (X50K), c)
square shaped carbides (X50K), d) assorted carbides (X50K).
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Double Grain Coarsened Sub-zone (GC-GC)
A very similar result is expected for the GC-GC sub-zone as has been described for the GC
sub-zone.

Although samples were examined, no TEM micrographs were taken of the

simulated GC-GC sub-zone of the HAZ before PWHT. The absence of carbides in the
single GC sub-zone indicates that fewer, if any carbides, are to be expected in the GC-GC
sub-zone, as it was subject to two consecutive high temperature thermal cycles.

This

predicted result was as observed, and therefore no micrographie record made.

As in the case of the single GC sub-zone, extensive precipitation and coarsening occurred
in the GC-GC sub-zone as a result of PWHT. From Figure 4.3.5 it is evident that carbides
had similar morphologies to those in the single GC sub-zone after PWHT, Figure 4.3.4.
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(d)

(c)

Figure 4.3.5. Extraction replicas showing the typical morphologies of carbides in the GCGC sub-zone after PWHT. a) assorted carbides, at low magnification (X5000), b)
needle/fibre carbides (X50K), c) rectangular and square shaped carbides (X100K), d) high
carbide density region (X50K).
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Grain Refined Sub-zone (GR)
The carbides observed in the single GR sub-zone can be seen as representative of those
carbides in the GC-GR and IC-GR sub-zones.

Very similar carbide precipitates were

observed in all grain refined sub-zone replicas. In the as simulated condition, a greater
portion of carbides were generally expected in the GR sub-zones than in the grain
coarsened sub-zones. This is directly related to the thermal cycle peak temperature. After
PWHT the carbides seen in these sub-zones were also similar.

Figure 4.3.6 shows the carbides present in the simulated GR sub-zone of the HAZ. There
are significantly more carbides in this sub-zone than in either of the GC or GC-GC sub
zones.

The GR thermal cycle peak temperature was lower, 1000°C, resulting is less

dissolution of carbides. However, by comparing this sub-zone with the base metal it is
clear that some dissolution has still occurred.

All the needle shaped carbides have

dissolved, and the remaining round, square and rectangular carbides possess an
irregular/rounded morphology (square comers become rounded).

The rounding of the

remaining carbides suggests the onset of dissolution.

After PWHT, Figure 4.3.7, the carbide density is very high and carbides similar to those
observed in the GC and GC-GC sub-zones have precipitated. There were no significant
differences noted between the GR sub-zone and the GC and GC-GC sub-zones in the
PWHT condition.
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m
Figure 43,6. Extraction replicas showing the typical morphologies of carbides in the GR
sub-zone before PWHT. a) assorted carbides at low magnification (XI OK), b) round
carbides (X25K), c) rectangular carbides (X50K) d) round and rectangular carbides
(X100K).
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(c)

(d)

Figure 4.3.7. Extraction replicas showing the typical morphologies of carbides in the GR
sub-zone after PWHT. a) assorted carbides (XI OK), b) square/cuboidal carbides (X50K), c)
rectangular carbides (X50K) d) needle/fibre carbides (X50K).
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Intercritical Sub-zone (IC)
The carbides observed in the IC sub-zone are representative of those observed in the GCIC, GR-IC and IC-IC sub-zones. Very similar carbide precipitates were observed in all
intercritical sub-zone replicas.

A greater portion of carbides was expected in the as-

simulated IC sub-zone than in the GR sub-zones. This follows the relationship between the
grain refined and grain coarsened sub-zones, of increasing carbide density with decreasing
peak temperature. After PWHT, like the GC and GR sub-zones, the carbides seen in the
majority of intercritical sub-zones were similar.

The IC thermal cycle has the lowest peak temperature of all the sub-zone thermal cycles,
~900°C. It was predicted that a greater density of carbides will be present in the IC sub
zone before PWHT than the GC and GR sub-zones. Figure 4.3.8 shows the carbides present
in the simulated IC sub-zone of the HAZ.

A relatively high density of carbides was

observed in this sub-zone before PWHT.

Similar to the GR sub-zone, all the needle shaped carbides from the base metal structure
were dissolved. In contrast however, fewer of the remaining round, square and rectangular
carbides dissolved. Some partial dissolution still occurred, indicated by rounded carbide
morphology.

Figure 4.3.9 shows the IC sub-zone carbides after PWHT.

PWHT of the IC sub-zone

produced a consistent result to that observed for the GC and GR sub-zones: extensive
precipitation, high carbide density and similar carbide morphologies.
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(à)
Figure 4.3.8. Extraction replicas showing the typical morphologies of carbides in the IC
sub-zone before PWHT. a) assorted carbides (X25K), b) assorted carbides (X25K), c)
rectangular and round carbides (X50K), d) round carbides (X100K).
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Figure 43,9. Extraction replicas showing the typical morphologies of carbides in the IC
sub-zone after PWHT. a) assorted carbides (XI OK) b) rectangular carbides (X50K), c)
square/cuboidal carbides (X100K) d) carbides at grain boundaries (X6000).
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4.3.2

Composition of Carbides

The composition of carbides will be strongly influenced by the composition of the steel.
The steel in this investigation contained greater than 95% Fe, approximately 2.25% Cr and
1% Mo (see Table 2.1-Section 2.1). Both Cr and Mo are strong carbide forming elements
and Fe also forms common carbides in steel, such as Fe3C. From this investigation of
carbides in the simulated HAZ sub-zones, the carbide composition was found to be related
to the carbide morphology. Consequently, the results for the compositions of the carbides
have been tabulated based on morphology. The morphologies include those outlined in
Table 4.3.1. All the carbides tested were complex carbides of more than one element and
therefore exhibited complex compositions.

Table 4.3.2 lists the compositions of the two dimensional thin foil carbides. These carbides
are rich in Fe and Cr, with the percentage Fe in most cases being greater than twice the
percentage of Cr. The amount of Mo was approximately 11%.

Table 4.3.2. The compositions of thin foil carbides (P = PWHT condition)

Sample

Weight %
Cr

Fe

Mo

GC(P)

25.2

63.9

10.9

GR(P)

22.2

65.7

12.1

GR(P)

24.5

63.2

12.3

IC(P)

22.8

65.8

11.5

GC-GC(P)

40.9

48.6

10.6

GC-GC(P)

25.9

63.6

10.5

GC-GC(P)

21.9

67.4

10.6
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Table 4.3.3 lists the compositions of the network, finger carbides. These carbides are rich
in Fe and Cr, with the percentage of Fe typically higher than that of the Cr.
composition was not particularly uniform from carbide to carbide.

The amount of Mo

varied from approximately 9-15%.

Table 4.3.3. The compositions of finger carbides (P = PWHT condition)

Weight %

Sample
Cr

Fe

Mo

GC(P)

30.8

58.6

10.3

GR(P)

23.5

66.5

9.9

GR(P)

23.6

66.9

9.4

IC(P)

42.1

44.7

13.2

IC(P)

34.6

55.7

9.6

IC(P)

39.6

49.4

11.1

GC-GC(P)

23.6

61.4

15.0

GC(P)

40.2

44.5

15.3

GC(P)

40.7

46.5

12.8

GC(P)

23.1

67.9

8.9

GR(P)

38.4

51.5

10.2

GR(P)

39.1

50.9

9.9
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The

Table 4.3.4 lists the compositions of the square/cubic carbides. These carbides varied in
size from 50-200nm square. These carbides are also Fe and Cr rich.

Table 4.3.4. The compositions of square shaped carbides (P = PWHT condition)

Weight %

Sample
Cr

Fe

Mo

GR(P)

37.5

44.2

18.2

GR(P)

26.4

61.1

12.5

GR(P)

24.8

63.3

11.9

GC-GC(P)

30.6

45.2

13.2

GC-GC(P)

28.3

60.0

11.7

GC(P)

22.9

66.4

10.6

GC(P)

21.4

69.9

8.8

GC(P)

22.9

67.3

9.8

GR(P)

26.2

62.9

10.8

GR(P)

24.9

63.1

12.0

GC-GC(P)

26.9

58.8

14.2

GC-GC(P)

25.5

60.3

14.2

Base(P)

30.9

56.6

12.5
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Table 4.3.5 lists the compositions of the rectangular carbides. The ratio of length to width
of these carbides was in the range of 2-4. The rectangular carbides were rich in Fe and Cr.

Table 4.3.5. The compositions of rectangular shaped carbides (P = PWHT condition)

Weight %

Sample
Cr

Fe

Mo

GC(P)

52.5

39.9

7.6

IC(P)

29.7

55.8

14.5

IC(P)

28.5

58.1

13.4

IC(P)

27.7

56.1

16.3

GC-GC(P)

32.3

50.7

17.0

GR(P)

26.4

61.5

12.1

GR(P)

33.7

48.2

18.1

GR(P)

29.0

51.1

19.9

GC-GC(P)

48.8

41.5

9.8
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Table 4.3.6 lists the compositions of the long, narrow, needle/fibre shaped carbides. These
carbides are clearly Mo and Cr rich. In the majority of cases, the Cr and Mo are present in
similar proportions. The Fe varies from approximately 1-10%.

Table 4.3.6. The compositions of needle/fibre shaped carbides (P = PWHT condition)

Weight %

Sample
Cr

Fe

Mo

GC(P)

46.0

8.2

45.8

GR(P)

32.5

14.6

52.9

IC(P)

39.9

8.9

51.1

IC(P)

35.3

9.8

54.9

IC(P)

41.6

7.1

51.3

GC-GC(P)

39.9

7.9

52.1

GC-GC(P)

39.4

5.9

54.8

GC(P)

44.6

9.5

45.9

GC(P)

45.2

8.5

46.3

BasefP)

32.1

3.2

64.7

Base(P)

34.6

1.2

64.2

Base(P)

33.6

4.3

62.1

Base(P)

36.7

2.0

61.3

GC(P)

38.7

4.5

56.7

GC(P)

36.2

7.1

56.7

GC-GC(P)

38.1

5.9

55.9

GR(P)

38.6

7.3

54.1

GR(P)

40.8

7.9

51.2

GR(P)

34.2

7.1

58.8

GR(P)

33.9

7.8

58.2

GC(P)

39.2

6.4

54.4

GC(P)

39.3

5.6

55.2
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Table 4.3.7 lists the compositions of the rod shaped carbides. These carbides are distinct
from the rectangular carbides and are shorter and wider than the needle shaped carbides.
These carbides are Fe and Cr rich, however, the Fe content is higher in most cases. The Mo
content is also quite high, from 10-20%.

Table 4.3.7. The compositions of rod shaped carbides (P = PWHT condition)

Sample

Weight %
Cr

Fe

Mo

GC(P)

36.3

65.1

8.7

GR(P)

49.8

41.5

8.7

GR(P)

30.2

52.4

17.5

GR(P)

28.6

52.6

18.8

IC(P)

31.9

55.8

12.3

IC(P)

31.5

54.3

14.1

IC(P)

36.6

49.7

13.7

IC(P)

30.8

56.9

12.3

GC(P)

27.6

56.9

15.5

GC(P)

32.9

48.5

18.6

GR(P)

34.1

51.4

14.5

GR(P)

33.5

46.5

20.1

GC-GC(P)

27.7

60.7

11.6

Base(P)

31.6

56.2

12.2

Base(P)

31.3

56.4

12.3

GC(P)

4.6

87.8

7.6
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Table 4.3.8 lists the compositions of the round carbides. The majority of these carbides
result from partial dissolution during the weld thermal cycle. These carbides are Fe and Cr
rich and contain less than 15% Mo. There were no trends observed in the ratio of Fe to Cr
and the size did not appear to affect the composition.

Table 4.3.8. The compositions of round carbides (P = PWHT condition)

Sample

Weight %
Cr

Fe

Mo

GC(P)

23.7

65.9

10.32

GR(P)

19.5

74.7

5.9

GR(P)

52.6

47.6

9.9

GR(P)

52.7

38.9

8.4

GR(P)

25.4

65.7

8.9

GR(P)

15.5

82.2

2.3

GR(P)

47.9

44.9

7.2

IC(P)

31.1

53.5

15.4

IC(P)

22.1

73.5

4.4

IC(P)

48.6

42.7

8.7

IC(P)

26.0

59.9

14.0

IC(P)

25.7

61.5

12.8

IC(P)

26.8

58.5

14.8

GC-GC(P)

56.1

43.2

0.8

GC-GC(P)

50.5

47.9

1.5

GC-GC(P)

75.3

24.5

0.3

GR(P)

25.4

62.3

12.3
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4.3.3

Crystal Structure of Carbides

Micro-diffraction and selected area electron diffraction of the carbides produced diffraction
patterns that were indexed to determine the crystal structure. Several carbide diffraction
patterns were photographed and indexed.

Table 4.3.9 summarises the results of those

carbides successfully indexed. Following Table 4.3.9 are representative diffraction patterns
of the common carbides.

Table 4.3.9. Carbide diffraction pattern indexing results.

Morphology

Structure

Lattice Parameter

Probable
identity

a=5.09
thin foil, needle shaped

orthorhombic

b=6.74

M3C

c=4.53
intergranular needle shaped,

hexagonal/

a=3.01

finger shaped

orthorhombic

c=4.74

needle shaped, rod shaped,

hexagonal/

a=13.98

square shaped

orthorhombic

c=4.52

rod shaped, grain boundary

cubic

a=10.66
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m 2c

M7C3
m 23c 6

Needle/fibre Shaped Carbides
The crystal structure of these carbides was orthorhombic and consistent with M2C, (Mo,
Cr)2C.
( 110)

Figure 4.3.10. Typical TEM diffraction pattern for a needle shaped carbide.
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Thin F oil Carbides
The crystal structure of these carbides was face centred cubic consistent with M23C6, (Cr,

Fe)23C6.
(in)

Figure 4.3.11. Typical TEM diffraction pattern for a thin foil carbide.
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Cuboidal Carbides
The crystal structure of these carbides was face centred cubic consistent with M23 C6, (Cr,
F e)2 3 C ô .

(40 0 )

Figure 4.3.12. Typical TEM diffraction pattern for a square shaped carbide.

R od Carbides
The crystal structure of these carbides was face centred cubic consistent with M 23 C 6 , (Cr,

Figure 4.3.13. Typical TEM diffraction pattern for a rod shaped carbide.
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Finger Carbides
The crystal structures of these carbides were (a) orthorhombic, M3C and (b) cubic, M23C6.

(b)

(a)

Figure 4.3.14. Typical TEM diffraction patterns for finger shaped carbides, (a) M3C; (b)
M23C6.
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Rectangular Carbides
The crystal structure of these carbides was orthorhombic, M3C, (Fe, Cr^C.
(02 5 )

Figure 4.3.15. Typical TEM diffraction pattern for a rectangular shaped carbide.
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4.4

Simulateci Heat Affected Zone Sub-zone Hardness

4.4.1

G rain Coarsened Sub-zones

Low H eat In p u t Simulations
Figure 4.4.1 shows the hardness test results for the low heat input, grain coarsened sub
zones before PWHT.

Grain Coarsened Sub-Zones
Low Heat Input

x
>

500.0
450.0
400.0
350.0
300.0
250.0 200.0

-

421.1

411.1

403.3

406.4

GC

GC-GC

GR-GC

IC-GC

150.0
100.0

-

50.0
0.0

Sample

Figure 4.4.1. Graph of the hardness of the low heat input, grain coarsened sub-zones
before PWHT. (Error = 1 standard deviation)

The hardness’s of the low heat input, grain coarsened sub-zones before PWHT were very
high, in excess of 400HV, and all quite similar.
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After PWHT, the hardness values of all the sub-zones decreased significantly, to below
250HV, Figure 4.4.2. The GR-GC sub-zone showed the highest average hardness of the
low heat input, grain coarsened sub-zones after PWHT. Within one standard deviation, the
hardness’s of each sub-zone after PWHT were similar.

PW HT-Grain Coarsened Sub-Zones
Low Heat Input
250.0
200.0

2

150.0

I

>

100.0

50.0

0.0

Sample

Figure 4.4.2. Graph of the hardness of the low heat input, grain coarsened sub-zones after
PWHT. (Error = 1 standard deviation)
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High Heat Input Simulations
Figure 4.4.3 shows the hardness test results form the high heat input, grain coarsened sub
zones before PWHT.

Grain Coarsened Sub-Zones
High Heat Input

z
I
>

500.0
450.0
400.0
350.0
300.0
250.0
200.0
150.0
100.0
50.0
0.0
GC

GC-GC

GR-GC

IC-GC

Sample

Figure 4.4.3. Graph of the hardness of the high heat input, grain coarsened sub-zones
before PWHT. (Error = 1 standard deviation)

The average hardness’s of the high heat input grain coarsened sub-zones were lower than
the low heat input sub-zones. Similar to the low heat input sub-zones, the hardness’s of all
four zones were quite similar.

After PWHT, the hardness values again decreased

significantly, to mean values well below 230HV, Figure 4.4.4.

PW HT-Grain Coarsened Sub-Zones
High Heat Input

Sample

Figure 4.4.4. Graph of the hardness of the high heat input, grain coarsened sub-zones after
PWHT. (Error = 1 standard deviation)
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4.4.2

G rain Refined Sub-zones

Low Heat In p u t Simulations
Figure 4.4.5 shows the hardness test results for the low heat input, grain refined sub-zones
before PWHT. The GC-GR sub-zone showed the highest average hardness of all the grain
refined sub-zones, well exceeding 400HV.

The remaining sub-zones showed similar

hardness.

Grain Refined Sub-Zones
Low Heat Input
500.0
450.0
400.0
350.0
300.0
250.0
200.0

391.7

150.0
100.0

50.0

0.0
GR

GC-GR

GR-GR

IC-GR

Sample

Figure 4.4.5. Graph of the hardness of the low heat input, grain refined sub-zones before
PWHT. (Error = 1 standard deviation)

103

Figure 4.4.6 shows the hardness test results for the low heat input, grain refined sub-zones
after PWHT. The trend observed in the grain refined sub-zones before PWHT remained
after PWHT. The GC-GR sub-zone retained the highest average hardness, approximately
200HV.

PWHT again substantially reduced the hardness of each sub-zone, to below

200HV.

PW HT-Grain Refined Sub-Zones
Low Heat Input

Sample

Figure 4.4.6. Graph of the hardness of the low heat input, grain refined sub-zones after
PWHT. (Error = 1 standard deviation)
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High Heat Input Simulations
Figure 4.4.7 shows the hardness test results for the high heat input, grain refined sub-zones
before PWHT. The change in heat input did not affect the trend observed in the low heat
input samples. The GC-GR sub-zone again showed the highest hardness, probably due to a
fine dispersion of precipitates formed during the GR thermal cycle. The high heat input
samples had slightly lower hardness’s than the low heat input samples, a trend that was
similar to the GC sub-zones.

Grain Refined Sub-Zones
High Heat Input

2
X

>

500.0
450.0
400.0
350.0
300.0
250.0
200.0

150.0
100.0

50.0

0.0

Sample

Figure 4.4.7. Graph of the hardness of the high heat input, grain refined sub-zones before
PWHT. (Error = 1 standard deviation)
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Figure 4.4.8 shows the hardness test results for the high heat input, grain refined sub-zones
after PWHT. The GC-GR sub-zone retained the highest hardness. The hardness’s of all the
sub-zones were reduced to less than 220HV after PWHT.

PW HT-Grain Refined Sub-Zones
High Heat Input

NHA
Sample

Figure 4.4.8. Graph of the hardness of the high heat input, grain refined sub-zones after
PWHT. (Error = 1 standard deviation)
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4.4.3

Intercritical Sub-zones

Low H eat Input Simulations
Figure 4.4.9 shows the hardness test results for the low heat input, intercritical sub-zones
before PWHT. The single IC sub-zone had a hardness significantly lower than the double
re-heated sub-zones, GC-IC, GR-IC and IC-IC. Consistent with previous observations, the
sub-zone that incorporates a GC thermal cycle, GC-IC, showed the highest average
hardness. In the intercritical sub-zones, the GC-IC hardness was only slightly higher than
the GR-IC hardness.

Intercritical Sub-Zones
Low Heat Input

Sample

Figure 4.4.9. Graph of the hardness of the low heat input intercritical sub-zones before
P W H T . (E rro r = 1 stan d ard d ev iatio n )

107

Figure 4.4.10 shows the hardness test results for the low heat input, intercritical sub-zones
after PWHT. PWHT did not affect the trends observed before PWHT. All the sub-zones
hardness’s were reduced as a result of PWHT, from in excess of 330HV to below 220HV.

PWHT-Intercritical Sub-Zones
Low Heat Input
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0.0
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1
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GC-IC

I
GR-IC

IC-IC
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Figure 4.4.10. Graph of the hardness of the low heat input intercritical sub-zones after
PWHT. (Error = 1 standard deviation)
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High H eat Input Simulations
Figure 4.4.11 shows the hardness test results for the high heat input, intercritical sub-zones
before PWHT. Similar to the low heat input samples, the double re-heated sub-zones have
a higher hardness than the single IC sub-zone. In these samples the GR-IC sub-zone has
the highest average hardness, slightly higher than the GC-IC sub-zone. This is different to
the low heat input intercritical sub-zone samples.

Intercritical Sub-Zones
High Heat Input

Sample

Figure 4.4.11. Graph of the hardness of the high heat input intercritical sub-zones before
PWHT. (Error = 1 standard deviation)

This trend is reversed after PWHT, with the GC-IC sub-zone slightly harder than the GRIC sub-zone, Figure 4.4.12. The high heat input samples had slightly lower hardness’s than
the low heat input samples, a similar trend to the GC and GR sub-zones. The GC-IC sub
zone softened less than the GR-IC sub-zone. Once again the hardness of all the zones are
reduced by PWHT, from in excess of 320HV to less than 200HV.

Figure 4.4.12. Graph of the hardness of the high heat input intercritical sub-zones after
PWHT. (Error = 1 standard deviation)
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5.0
DISCUSSION

5.1

M icrostnicture

5.1.1

Base Metal

The virgin base metal structure consisted of grains of ferrite and tempered bainite, Figure
4.2.1. The final structure of the HAZ, particularly the IC sub-zone, depends on the virgin,
base metal structure. At a high magnification (> 5000X), the base metal had a distinct
carbide structure. The density of carbides varied between the grains of ferrite and tempered
bainite. The ferrite grains showed a lower density of carbides, and mainly consisted of fine
Mo/Cr rich M2C carbides. In the tempered bainitic regions the carbide density was higher
and the morphology was more varied. Larger round, square and rectangular carbides were
Fe/Cr rich and were predominantly M23C6.

5.1.2

Grain Coarsened Sub-zones

The grain coarsened sub-zones include the GC, GC-GC, GR-GC and IC-GC zones.

Low Heat Input Simulations
The structures of the low heat input grain coarsened sub-zones before PWHT were all very
similar. A single, low heat input GC thermal cycle involved heating to ~1350°C and then
cooling at a rate defined by a At8_5 of 13 seconds. A reported CCT diagram for a steel close
to 2 25CrlM o steel is shown in Figure 5.1.1 with a superimposed cooling curve
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corresponding to Ats-s —13s. The CCT curve was based on an austenitising temperature of
1000°C and should therefore be consistent with the simulated GR treatment. For simulated
GC sub-zone the ferrite C curve, F, will be displaced to the right because of austenite grain
coarsening.
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Figure 5.1.1. Representative CCT diagram [46] for 2.25CrlMo steel showing cooling
curve for Atg-s = 13s and Atss = 30. The ferrite C curve is shifted to the right for GC sub
zone [47].

From the base metal structure of ferrite and tempered bainite the metal is heated through
both the Aci and AC3 temperatures. At a temperature of 1350°C the alloy would have
transformed completely to austenite. The alloy carbides that were present in the ferrite and
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tempered bainite are completely dissolved at this temperature.

The absence of alloy

carbides means that the grain boundary pinning effects commonly associated with
precipitates will not be active.

The precipitate free structure and a high, grain growth

driving force results in rapid grain growth at the peak temperature of 1350°C. This rapid
grain growth is clearly evident in the room temperature structure by the large prior austenite
grain boundaries in microstructures of the grain coarsened sub-zone.

From 1350°C the metal cools rapidly, transforming through the Ais - Arj temperature range
to the bainitic ferrite structure, Figure 4.2.2(a). The cooling curve for Atg-s = 13s shown in
Figure 5.1.1 indicates the formation of bainitic ferrite over the approximate temperature
range of 580-420°C. The bainitic ferrite consists of plates of ferrite with some interplate
islands of austenite and martensite/austenite constituent. Despite the rapid rate of cooling
carbon partitioning still occurs to austenite, increasing its hardenability and reducing the
kinetics of diffusional transformation. Incomplete transformation of austenite results in
transformation to high carbon martensite at low temperatures and/or retention of austenite
between the bainitic ferrite plates.

The alloy carbides are also affected by the high cooling rate. From TEM investigation,
very few carbides were observed in the as-simulated GC sub-zone. The precipitation of
these carbides is time dependent, controlled by diffusion. As the cooling was rapid, there
was insufficient time for the carbides to precipitate, trapping much of the carbon in solution
in the bainitic ferrite and in the carbon enriched austenite.

The bainite in the room

temperature GC sub-zone is consequently supersaturated with carbon.
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The double reheated, grain coarsened sub-zones, GC-GC, GR-GC and IC-GC, have a
structure very similar to that of the single reheated GC sub-zone. The reason that these
sub-zone structures are similar is because of the dominant effect of the last thermal cycle, a
GC thermal cycle.

The structural development during this GC thermal cycle has been

described above. During the second, GC thermal cycle, the alloy transforms completely to
austenite on heating, eliminating the original room temperature structure.

Therefore,

regardless of the original structure: base metal, GC, GR or IC, the second GC thermal cycle
produces a structure similar to that seen in Figure 4.2.2.

An industry standard PWHT of 700°C for 2 hours was used for each sample. The time and
temperature of the heat treatment selected will affect the changes that occur in the structure.
The temperature of 700°C was selected primarily for the removal of residual stress from
welded, thick plate sections. While not examined as a variable in this work the temperature
and time will significantly affect the structure.

The carbides will be markedly affected by PWHT. At a temperature of 700°C, just below
the equilibrium, eutectoid temperature (727°C) for Fe-C alloys, the rate of diffusion of
atoms, in particular carbon, will be high. As diffusion is dependent on both temperature
and time, not only the high temperature, but also the 2 hours residence time will be
influential. Even solute atoms with low diffusivities, like Cr and Mo, will be able to diffuse
and significantly influence structural change.
structures are discussed later.
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The observed changes in the carbide

PWHT brought about dramatic changes to the grain coarsened sub-zone structures, Figure
4.2.3. The GC sub-zone after PWHT consisted of polygonal ferrite and tempered bainite.
The presence of polygonal ferrite indicates that recrystallisation of the structure has
occurred. The tempered bainite exhibited coarsened plate shaped regions of ferrite and
coarsened carbide particles.

In contrast, the GC-GC sub-zone structure consisted predominantly of tempered bainite
after PWHT. This tempered bainite is similar to the small regions of tempered bainite
observed in the PWHT GC sub-zone. Few recrystallised ferrite grains were present in the
PWHT GC-GC sub-zone, Figure 4.2.3(b). The retention of the plate ferrite structure in the
PWHT GC-GC sub-zone is considered to be related to the precipitation of carbides. With
exposure to two GC thermal cycles, it was observed that no carbides remained in the assimulated structure.

This results in the room temperature GC-GC structure being

supersaturated with carbon.

During PWHT, this saturated solution encourages intense

precipitation of carbides. The carbides in turn inhibit recrystallisation of the structure by
pinning grain boundaries and retaining the plate ferrite structure at room temperature. In
the single cycle GC case, carbide solution is incomplete leaving coarsened carbides in the
bainitic ferrite structure produced on cooling. Subsequent PWHT does not produce such
intense precipitation of carbides particularly in the vicinity of pre-existing carbides that
coarsen as solute is rejected. The locally reduced retarding effect of precipitate allows
limited ferrite recrystallisation to occur. This explanation of the effect of carbides also
accounts for the partial recrystallisation of the ferrite plates in the GC, GR-GC and IC-GC
sub-zones after PWHT.
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High Heat Input Simulations
Increasing the heat input decreases the cooling rate and Atg-s is increased to 30 seconds.
The approximate cooling curve corresponding to At8.5 = 30s is shown on the CCT curve
shown in Figure 5.1.1.

This change in the cooling rate did not appear to affect the

transformation of the sub-zones from 1350°C to room temperature, when compared to the
low heat input structures before PWHT. All the high heat input GC sub-zones consisted of
bainitic ferrite, the same as for the low heat input grain coarsened sub-zones.

This

observation is consistent with the CCT shown in Figure 5.1.1.

As there were no significant differences in the as-simulated structures, the PWHT
structures are also expected to be similar. This was found to be the case with no significant
differences observed between the high and low heat input structures, after PWHT.

5.1.3

Grain Refined Sub-zones

The grain refined sub-zones include the GR, GC-GR. GR-GR and IC-GR zones.

Low Heat Input Simulations
The grain refined sub-zone structures were in most cases, vastly different from those in the
«Tain coarsened sub-zones. A single, low heat input GR thermal cycle involves heating to
~1000°C and then cooling at a rate defined by a Atgo of 13 seconds. While the cooling rate
is essentially the same as that for a GC thermal cycle, the peak temperature is 350°C lower
for a GR thermal cycle and this has a dramatic effect.
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From the virgin base metal structure, the metal is heated to 1000°C, which is above both
the Aci and AC3 temperatures. However, the degree to which they have been exceeded is
much lower than for the GC thermal cycle, resulting in structural differences. The structure
at the peak temperature is austenite. The presence of carbides, that will serve to inhibit
grain boundary movement, and a lower driving force for grain growth means that the
austenite grain size at this temperature remains small.

On cooling and consequent

transformation, a fine ferrite grain structure results and is observed at room temperature.
This structure is different to that expected from the CCT diagram in Figure 5.1.1 which is
based on an austenitising temperature of 1000°C. However, in the weld simulation case,
the time at temperature is transient, carbide solution, carbide coarsening and austenite
growth will be very limited, hence decreasing the hardenability of the austenite and shifting
the ferrite C curve, F, well to the left, Figure 5.1.2. A cooling rate corresponding to Atg_5 =
13s must intersect the ferrite transformation curve, resulting in transformation to polygonal
ferrite in the approximate temperature range 750-650°C.
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Figure 5.1.2.

Representative CCT diagram [46] for 2.25CrlMo steel showing cooling

curve for Atg.s = 13s and Atg-s = 30. The ferrite C curve is shown shifted to the left.

In the GR structure at room temperature there are fine, dark etching regions, distinct from
the fine ferrite grains.

In these regions a high carbide density, greater than that in the

ferrite, was observed under the scanning electron microscope (SEM).
possible explanations for this structure.

There are two

The first is based on these regions having

similarities with the tempered bainitic areas of the base metal. When the virgin base metal
is heated to 1000°C the fine needle shaped carbides in the ferrite dissolve rapidly, while a
portion of the larger carbides in the tempered bainite are retained. On cooling, fine ferrite
grains nucleate from these clusters of remnant carbides. The high local density of ferrite
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and carbide grain boundaries then results in aggressive etch attack in these regions,
revealing the fine, dark etching regions in the GR structure at room temperature, Figure
4.2.6(a). These areas consist of a ferritic matrix not unlike the lighter etched regions, but
they possess a much higher density of carbides compared to the remaining fine ferrite. An
alternative explanation is that more substantial general dissolution does take place at
1000°C, and that carbon enrichment in untransformed austenite islands on cooling can
result in coupled (discontinuous lamellar) formation of alloy 'pearlite', because the C curves
for ferrite (F) and pearlite (P) are shifted far to the left. It is important to note that the
detailed structure of these 'dark etching' regions are important in determining which origin
is more likely. From the present work, the former explanation is considered more likely
because of the network morphology of the 'dark etching' regions.

The GC-GR sub-zone has a structure more like a grain coarsened sub-zone than a grain
refined sub-zone.

It consists entirely of bainitic ferrite. The second GR thermal cycle

appears to have had little effect on the structure produced by the first GC thermal cycle. It
has already been discussed that the bainitic ferrite consists of plates of ferrite with some
interplate residual austenite. When the GC structure is heated for the second time, the
interplate residual austenite grows at the expense of the bainitic ferrite structure to produce
large grains of austenite at the peak temperature of 1000°C, similar in size and orientation
to the pre-existing austenite grains in the GC cycle.

As this coarse structure cools it

transforms back to bainitic ferrite at lower temperatures.

The remaining sub-zones, GR-GR and IC-GR, possess similar structures to the single GR
sub-zone.
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The same PWHT procedure was used for all the GR sub-zones, and for both the high and
low heat input procedures. Once again the heat treatment bought about significant changes
to the structure of all GR sub-zones. The PWHT GR sub-zone consisted of recrystallised,
coarsened ferrite grains. The dark etching regions correspond to ferrite grains with a high
density of carbides.

Both the GR-GR and IC-GR sub-zones showed PWHT structures

similar to the single GR sub-zone.

The GC-GR sub-zone had a different original structure and thus a different PWHT structure
would be expected. The structure after PWHT consisted of polygonal ferrite and tempered
bainite. This structure is typical of a grain coarsened structure after PWHT except that
grains in the GC-GR structure are larger than in the GC sub-zones after PWHT. During
PWHT fine precipitates in the GC sub-zone pin the ferrite grains. In contrast, during the
GR thermal cycle pre-existing carbides are likely to act as sites for precipitate build-up and
coarsening, resulting in a coarser carbide distribution and less impediment to ferrite grain
coarsening.

High Heat Input Simulations
The reduction in cooling rate (Atg-s = 30 seconds), brought about by the increase in the heat
input did not appear to have an effect on the grain refined sub-zone structures before
PWHT. A typical grain refined structure of fine ferrite was found for the GR, GR-GR and
IC-GR sub-zones.

The GC-GR sub-zone structure of bainitic ferrite was again an

exception, but was consistent with the low heat input GC-GR sub-zone.
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After PWHT there were few significant changes to the structure of each sub-zone. The
PWHT GR, GR-GR and IC-GR sub-zones were similar to the PWHT structures developed
for the low heat input procedure.

5.1.4

Intercritical Sub-zones

The intercritical sub-zones include the IC, GC-IC, GR-IC and IC-IC zones.

Low Heat Input Simulations
The intercritical sub-zone structures were different from the grain refined sub-zone
structures. A single, low heat input IC thermal cycle involved heating to 900°C and then
cooling at a rate defined by a Atg-s of 13 seconds. The reduction in the peak temperature of
100°C, from the GR peak temperature, brings about changes to the transformation and
structure development in the IC sub-zones.

Starting from the virgin base metal structure, the application of heat increases the
temperature through the Aci temperature to 900°C. For the single IC thermal cycle, the
A c3 temperature is not likely to be exceeded, resulting in only partial transformation to
austenite. At 900°C the partially transformed structure consists of some austenite, along
with some untransformed ferrite and tempered bainite. Some carbides will also be present
in the structure, as this peak temperature is well below the dissolution temperature of some
of the alloy carbides.

121

On cooling from 900°C, those areas of the structure that transformed to austenite on heating
will transform to ferrite on cooling, while the untransformed ferrite and bainite will only be
tempered by the brief heating cycle. Therefore, the room temperature structure of a single
IC sub-zone will consist of new grains of ferrite and regions of tempered, untransformed
ferrite and bainite, Figure 4.2.10(a).

Once again the sub-zone that incorporates a GC thermal cycle shows a bainitic ferrite
structure at room temperature. The behavior is much the same as for the GC-GR sub-zone.
From the bainitic ferrite structure of the first thermal cycle, heating to 900°C brings about
growth of the interplate residual austenite.

This austenite simply transforms back to

bainitic ferrite on cooling to give the structure shown, Figure 4.2.10(b).

The GR-IC sub-zone remained essentially unchanged from the original GR structure, as a
result of the second IC thermal cycle. A similar structural development to that for the IC
sub-zone occurs in this case. From a fine ferrite structure, partial austenitisation occurs. At
900°C the structure is part austenite, while the remaining structure coarsens slightly with
significant transformation. During cooling the austenite regions transform to fine ferrite,
almost indistinguishable from the untransformed ferrite of the original GR structure. The
result is the structure shown in Figure 4.2.10(c).

The IC-IC sub-zone structure is expected to be very similar to the single IC sub-zone.
From Figure 4.2.10(d) this can be seen to be the case. The structure consists of new grains
of ferrite with grains of untransformed ferrite and bainite, as in the IC structure.
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The

Portion of untransformed ferrite decreases with a double reheat. It is evident that there is an
increasing proportion of new, small ferrite grains surrounding the untransformed ferrite.

The dark etching regions in the intercritical sub-zone structures (GC-IC excluded) evidently
have the same origin as the dark regions in the grain refined sub-zone structures. They
have a high density of carbides, coming from the original tempered bainite areas of the
original, virgin base metal structure.

After PW HT the IC sub-zone consisted of recrystallised, coarsened ferrite grains. The dark
etching regions, corresponding to ferrite grains with a high density of carbides, remained.
Both the GR-IC and IC-IC sub-zones showed PWHT structures similar to the single IC
sub-zone.

The GC-IC sub-zone had a unique original structure for the intercritical sub-zones, and
therefore a different PWHT structure would be expected.

The structure after PWHT

consisted of more equiaxed grains of ferrite and coarser carbides.

High Heat Input Simulations
For the high heat input simulations the cooling rate was reduced (At8.5 = 35 seconds). The
reduced cooling rate did not appear to have a significant effect on the intercritical sub-zone
structures before PWHT. The partially transformed structures typical of the IC and IC-IC
sub zones were again evident in the high heat input procedures.
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Similarly, the bainitic

ferrite structure of the GC-IC sub-zone was produced, as well as the fine, refined ferrite
structure for the GR-IC sub-zone.

The majority of the high heat input intercritical sub-zone structures after PWHT were
similar to those corresponding structures for the low heat input procedure after PWHT.
The case that showed some differences was the GC-IC sub-zone. The PWHT high heat
input structure showed definite regions of recrystallised polygonal ferrite, tempered bainitic
ferrite (retained plate structure) and regions of high carbide density.

The retention of some tempered bainite in the GC-IC sub-zone after PWHT for the high
heat input samples probably reflects the stabilising effect of precipitates and dislocations.
The simulated high heat input is likely to allow more carbide coarsening and more recovery
of the dislocation structure during the IC treatment.

As a result, the driving force for

recrystallisation during PWHT is lower, retarding the recrystallisation of the bainite plates
and producing a mixture of polygonal ferrite and retained bainitic plates [47].

5.2

Carbide Structure After Post Weld Heat Treatment

The carbides present in the as-simulated, room temperature structure depend on the peak
temperature and the cooling rate. It has already been seen that these variables changed for
different sub-zones, and heat inputs. It is also clear from the results that in the as-simulated
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condition, the carbide density was different for different sub-zones.

This result was

expected and is consistent with expected diffusion, dissolution and precipitation processes.

After PWHT, the carbides in different sub-zones were very similar in all cases. Despite
differences before PWHT, exposure to 700°C for two hours normalised the carbide
structures in all the sub-zones investigated. This effect is clearly evident from the TEM
photomicrographs in Chapter 4.0, Section 4.2-Carbide Analysis.

The reason why this effect is observed is related to the PWHT parameters, 700°C and two
hours. The primary reason for the selection of these typical parameters is for stress relief.
Little attention is given to the effect of the temperature and time on the structure,
particularly the carbide structure.

What happens to the carbides is of secondary

importance, compared to the reduction of stresses on or in the component. Bearing this in
mind, the effect of the chosen parameters on the carbides is still of considerable
importance.

A temperature of 700°C is well below the approximate dissolution temperature of the alloy
carbides in 2.25CrlM o steel. During PWHT, it is unlikely that carbides will dissolve. At
700°C however, carbon is very active and the alloying elements Cr and Mo will have
increased mobility. The result will be an increased likelihood of precipitation of carbides,
an increased likelihood of growth of existing carbides and an overall increased likelihood
of change to the existing carbide structure.
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In addition to temperature, the time at temperature is also influential. Increasing the time
will have a similar effect to increasing the temperature. The longer the time allowed for
diffusion to take place the greater the number of carbides likely to precipitate, the larger the
existing carbides are likely to grow and the greater the chance of change to the carbide
structure towards phases with lower free energies.

Two hours alone is not a significant length of time for diffusion to occur. However, when
coupled with a temperature of 700°C, significant diffusion, precipitation, growth and
change can occur in this time.

This behavior is clearly supported by the PWHT carbide structures in all the HAZ sub
zones. Significant change in the carbide structures of all the sub-zones came about as a
result of PWHT. Furthermore, the temperature and time were sufficient for every carbide
structure to approach a similar, over tempered state at the end of PWHT.
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5.3

Hardness

Some general trends were observed from the hardness test results.

5.3.1

GC, GR and IC Sub-Zones Hardness

For the single reheated sub-zones the hardness decreased with increasing distance from the
fusion boundary. The hardness was highest for the GC sub-zone, followed by the GR sub
zone and then the IC sub-zone. This trend was consistent for both heat input procedures,
before and after PWHT. The changes in hardness are directly related to the structures of
each sub-zone.

For the GC sub-zone, all the carbides were dissolved from the high

temperature thermal cycle, resulting in the structure being supersaturated with carbon. This
high level of carbon in solution will increase the hardness of the structure. The bainitic
ferrite structure of the GC sub-zone also has a high density of bainite plate boundaries that
contribute to the hardness. In addition the hardenability of the GC sub-zone lowers the
temperature of transformation resulting in a high dislocation density in the bainitic ferrite as
a result of accommodation of the austenite to ferrite volume change.

These structural

features account for the GC sub-zone showing the highest hardness.

The GR sub-zone thermal cycle dissolved fewer carbides than the GC thermal cycle, hence
the GR structure has less carbon in solution and more carbides as precipitates. While the
structure will still be saturated with carbon, this will tend to result in lower hardness than
the GC sub-zone. The hardness of the GR sub-zone was still quite high probably as a result
of the very fine grain structure, and the associated large density of grain boundaries.
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The IC sub-zone had the lowest hardness of all the single reheated sub-zones. This may be
expected from the structural features already described for both the GC and GR sub-zones.
The IC sub-zone would have less carbon in solution than the GR sub-zone, while it also had
a larger grain size. Both these features are consistent with the observed trend of lower
hardness, compared with the GC and GR sub-zones.

5.3.2

The Effect of Heat Input on Hardness

The heat input affected the hardness of all the simulated sub-zones. A higher hardness was
measured for all the low heat input sub-zones than for the corresponding high heat input
sub-zones.

Therefore, lowering the heat input increased the hardness.

The significant

change associated with a reduction in the heat input is the increase in the cooling rate. The
low heat input had an approximate Ats.s of 13 seconds, while for the high heat input
procedure, Ats-s was approximately 30 seconds. Lowering At^s, increases the cooling rate
and results in finer structures, because as the transformation temperature is lower, the
nucleation rate is higher and there is less time available for structural coarsening. Finer
structures usually result in higher hardness and this trend, associated with changes to the
heat input, was confirmed in the present work. The higher cooling rate also means that
fewer carbides will have time to precipitate leaving more carbon in solution and increasing
the hardness of the structure prior to PWHT.

During PWHT precipitation of carbides

occurs but the distribution will show a higher particle density than for the higher At8-5
treatment and a lower mean size because of precipitation with a high chemical driving force
during heating to 700°C.
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5.3.3

The Effect of a GC Thermal Cycle on Hardness

From the single reheated sub-zones, the effect of the GC thermal cycle on hardness was
observed. Throughout all the sub-zones and across both heat input procedures, the GC
thermal cycle had a strong influence on the resultant hardness of the sub-zones in which it
was incorporated. The bainitic ferrite structure resulting from a GC thermal cycle showed a
high hardness. In those sub-zones that incorporated a GC thermal cycle, either first or last,
the structure was invariably bainitic ferrite.

Consequently, these sub-zones, in the as-

simulated condition, had a high hardness.

5.3.4

The Effect of PWHT on Hardness

As is quite obvious from the hardness test results, PWHT had a dramatic effect on the
hardness of the entire HAZ. The PWHT bought about significant reductions in hardness of
all sub-zones, in both the high and low heat input procedures. These significant changes in
hardness can be directly related to the major changes in the structures of the HAZ sub
zones as a result of PWHT. In the majority of cases PWHT brought about tempering of the
existing as-simulated structure. The tempering effects were observed as growth of grains,
and coarsening of carbide precipitates. Both of these effects contribute to the reduction in
hardness. It is also important to note that the variation in hardness between various sub
zones is markedly reduced as a result of PWHT.

The heat treatment and resulting

tempering effects have a strong normalising effect on the structure and hardness of the
entire HAZ.
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6.0
CONCLUSIONS
The various sub-zones in the HAZ of 2.25CrlMo steel have been simulated using a
Gleeble 3500 thermal simulator. The resultant simulated microstructures were analysed
and described; and the hardness of each sub-zone was determined.

The following

conclusions are drawn:

1. Marked microstructural variation occurs throughout the HAZ of a multi-pass
2.25CrlM o weldment.
2. Multipass welding significantly affects the complexity of the structure of the
HAZ.
3. PWHT has a marked effect on microstructure, and substantially reduces the
hardness of the entire HAZ, making it remarkably constant regardless of the prior
sub-zone structure or the simulated weld heat input.
4. The grain coarsened thermal cycle typically resulted in a relatively stable
microstructure of bainitic ferrite which showed the highest hardness.
5. Both the grain refined and intercritical thermal cycles produced microstructures
of lower stability that were significantly modified by a subsequent thermal cycle.
These sub-zones, after PWHT, typically exhibited the lowest hardness.
6

Although heat input, through residence time at elevated temperature and cooling
rate, strongly affects the structures and hardness's of the various HAZ sub-zones,
these differences are substantially eliminated by PWHT.
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